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Direct observation of ultraslow hyperbolic
polariton propagation with negative phase velocity
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Mark B. Lundeberg3, Félix Casanova1,2, Luis E. Hueso1,2, Frank H. L. Koppens3 and Rainer Hillenbrand2,4*


Polaritons with hyperbolic dispersion are key to many
emerging photonic technologies, including subdiffraction
imaging, sensing and spontaneous emission engineering1–8.
Fundamental to their effective application are the lifetimes of
the polaritons, as well as their phase and group velocities7,9.
Here, we combine time-domain interferometry10 and scatter-
ing-type near-field microscopy11 to visualize the propagation
of hyperbolic polaritons in space and time, allowing the first
direct measurement of all these quantities. In particular, we
study infrared phonon polaritons in a thin hexagonal boron
nitride8,12,13 waveguide exhibiting hyperbolic dispersion and
deep subwavelength-scale field confinement. Our results
reveal—in a natural material—negative phase velocity paired
with a remarkably slow group velocity of 0.002c and
lifetimes in the picosecond range. While these findings show
the polariton’s potential for mediating strong light–matter
interactions and negative refraction, our imaging technique
paves the way to explicit nanoimaging of polariton propagation
characteristics in other two-dimensional materials, metamaterials
and waveguides.


Materials with hyperbolic dispersion1–8 are characterized by an
anisotropic permittivity (or permeability) tensor ε, where one of
the principle components (the axial component, indexed z in the
following) is opposite in sign to the other principle components
(the transverse components, indexed x and y). Electromagnetic
waves in hyperbolic materials (called hyperbolic polaritons, HPs)
thus propagate with wavevector k described by


k2z /εx + (k2x + k2y)/εz = (ω/c)2 (1)


where εx = εy. The solutions of equation (1) are open hyperboloids of
either type I (Re εz < 0, Re εx > 0) or type II (Re εz > 0, Re εx < 0).
Owing to the possibility of large k values, HPs offer many
exciting applications, such as hyperlensing3 and extreme light
confinement8,12,14.


Intriguingly, hyperbolic dispersion leads to exotic behaviour in
the alignment of the velocity and energy-flow vectors. The
Poynting vector S is orthogonal to the phase velocity vp (vp parallel
to k), and both S and the group velocity vg = ∂ω/∂k have a fixed angle
relative to the z axis (vg parallel to S). As a result, vp and vg can have
opposite signs with respect to individual axes (that is, the x or z
directions), leading to a rich variety of optical phenomena including
negative refraction and backward waves15. To fully understand,
exploit and verify the large potential of propagating HPs, research
and development will require tools for comprehensive experimental
characterization of their various properties. Vitally important
among these are the signs of the group and phase velocities relative


to the energy flow (decisive, for example, in distinguishing between
slow and superluminal light16,17), as well as dispersion and lifetimes.
The lifetime determines the performance of HP applications, which
can be difficult to predict theoretically as they often depend on
device fabrication quality.


The values and signs of the vp and vg of a light pulse can be
measured by time-domain or spectral interferometry10,16,18,19. This
technique has been combined with aperture-type scanning near-
field optical microscopy (a-SNOM) to study surface plasmon polar-
itons and light in photonic crystals15,20,21. The use of apertures,
however, limits the spatial resolution and restricts applications to
the visible and near-infrared spectral ranges. In contrast, scatter-
ing-type scanning near-field optical microscopy (s-SNOM), in
which light scattered at the tip of an atomic force microscope
(AFM) is recorded, achieves 10 nm spatial resolution at visible,
mid-infrared and terahertz frequencies11,22. This spectral freedom,
combined with its unprecedented spatial resolution, has allowed
s-SNOM to image, for example, graphene plasmons at mid-infrared
frequencies23,24. Method-intrinsic interference phenomena,
however, generally make image analysis challenging, and direct
measurements of pulse group velocities and lifetimes by s-SNOM
have been elusive so far.


Here, we describe a technique that combines s-SNOM, time-
domain interferometry and near-field data processing to map in
space and time the dispersion, lifetimes and both the value and
sign of the phase and group velocities of deep subwavelength-scale
polariton pulses. We demonstrate our technique’s potential by
mapping phonon polaritons propagating in a thin hexagonal
boron nitride (h-BN) slab. Owing to its layered crystal structure,
h-BN is a natural material in which phonon polaritons exhibiting
hyperbolic dispersion exist. Type I HPs are found in the spectral
region between 760 and 825 cm−1 (HPI), and type II HPs between
1,370 and 1,610 cm−1 (HPII). The existence of h-BN HPs has only
recently been verified8,12,13,25–27. Strong field confinement, ultrashort
wavelengths compared to the illumination wavelength and extremely
low losses have been found, making HPs in boron nitride promising
candidates for enhanced molecular spectroscopy, tailored thermal
emission28, flatland optics29 and super-resolution imaging3,26,27.


We used s-SNOM to image h-BN polaritons launched at the edge
of a semi-infinite gold film deposited on top of a h-BN layer, in con-
trast to previous work where the s-SNOM probe was used for both
launching and imaging of the HPs12,13. We thus first describe the
basic details of our technique (Fig. 1, see also Methods) and its
advantages. The gold film serves as a broadband antenna for con-
verting the incident p-polarized field Ein into strongly confined
near fields at the gold edge, providing the necessary momentum
for launching HPs in the h-BN slab. The numerical simulation in
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Fig. 1b (monochromatic illumination) shows the edge-launched HP
rays reflecting from the top and bottom surfaces of the h-BN slab,
forming a guided mode that can be described as a superposition
of eigenmodes Mn, where n = 0,1,2… (Fig. 1c), each described by
wavevector Kx = kx + iγ. Although the high-order modes have a
higher Q factor8, they travel a shorter distance, essentially due to
their dramatically shorter wavelength (Fig. 3a,d). As a result, only
the fundamental mode HP-M0 remains to propagate over several
micrometres. The HP-M0 fields, EHP-M0, interfere with Ein, yielding
interference fringes above the h-BN slab that are parallel to the gold
edge. This pattern is mapped by recording the field scattered by the
metal tip of our s-SNOM (Esca) while the sample is scanned
(Fig. 1d). The image also shows weaker and more tightly spaced
fringes parallel to the edge of the h-BN slab. These result from the
interference of radially propagating HPs that are launched by the
tip and reflected at the h-BN edge12,25 (Supplementary Section A).
In the following, we image and study HPs launched at the gold
edge, as they offer the dual advantages of stronger signals and
plane-wave propagation. Note that the decay of plane-wave HPs


directly reveals the imaginary part, γ, of the wavevector, while the
tip-launched HPs decay faster (clearly seen by the fringes in
Fig. 1d) due to their radial propagation (Supplementary Section A).


To study polariton propagation in space and time, we applied
time-domain interferometry as illustrated in Fig. 2a. HP pulses
were launched at the metal edge by mid-infrared laser pulses of
∼100 fs duration, which were chosen to cover either the HPI or
HPII spectral regions (see Methods). The tip-scattered light Esca
was collected and superimposed at the detector D with reference
pulses Eref , that is, the cross-correlation of Esca and Eref was detected.
We repeatedly scanned perpendicularly across the gold edge with
increasing time delay τ (adjusted by moving the reference mirror
M) between the tip-scattered field and the reference field, yielding
a space–time near-field map with a characteristic fringe pattern.
The background-subtracted space–time near-field map I′det(x,τ)
(Supplementary Section B) recorded in the HPII spectral region is
shown in Fig. 2c. Close to τ = 0 ps, fringes (marked Edir) are
observed between x = 0 and 14 μm, caused by interference of the
direct tip-scattering of the incident field Edir with the reference
beam Eref (Fig. 2b, upper panel). Fringes (marked EHP) are also
observed moving away from the gold edge with increasing τ,
which we assign to the tip-scattered propagating HP field, EHP


(Fig. 2b, lower panel).
To verify these fringes as polaritons and analyse their properties,


we first performed a 2D Fourier transform (FT) to obtain a data
set in the wavevector-frequency (kx, ω) domain (Fig. 2d and
Supplementary Section C). We immediately recognized a polari-
ton-like dispersion, which can be assigned to the fundamental
mode M0 (Fig. 3a). Analogously, we mapped and analysed the
HPI spectral region (Supplementary Section B) and display its
(kx, ω) map in Fig. 2f, where the fundamental HPI mode is also
marked. Intriguingly, positive kx values are observed for the HPII
modes, but negative kx values for the HPI modes (positive x direc-
tion points away from the gold edge and thus in the same direction
as the Poynting vector S). Furthermore, we find a positive dispersion
(which we define as ∂ω/∂|kx| > 0) for the HPII-M0 mode, and a
negative dispersion (∂ω/∂|kx| < 0) for the HPI-M0 mode. Both the
sign and the slope of ω(kx) provide direct and unambiguous experi-
mental evidence that the HPII mode propagates with both positive
phase and group velocity, while the HPI mode propagates with
negative phase but positive group velocity.


Our observations are explained by illustrating the propagation of
the HP rays (blue and red arrows of Fig. 2e,g representing S, see also
Fig. 1b) in the h-BN slab, which is described by the solutions of
equation (1) (blue and red isofrequency curves). For type II HPs,
the wavevector k (black arrows in Fig. 2e) is perpendicular to S
(blue arrows) and exhibits a positive component kx > 0. With
increasing frequency ω, the Poynting vector S rotates towards the
z axis, resulting in a shorter periodicity of the HP rays, as indicated
by grey arrows. Consequently, kx of the HPII-Mn modes increases
with frequency ω, yielding positive dispersion. Type I HPs
(Fig. 2g), in contrast, exhibit a negative wavevector component
kx < 0, while S still points away from the gold edge (because of caus-
ality). The Poynting vector S rotates away from the z axis for
increasing ω, resulting in larger periodicity of the HP rays. Thus,
kx of the HPI-Mn modes decreases, yielding a negative dispersion.


Negative dispersion of h-BN HPs can also be inferred from far-
field spectroscopy of h-BN resonators8 and nanoimaging exper-
iments26,27. However, its interpretation requires knowledge of the
sign of kx relative to the Poynting vector. Indeed, without consider-
ing the sign of kx, one could even interpret the negative dispersion of
the HPI modes as a negative group velocity vg. Negative vg, however,
would imply a backward propagating HP pulse (that is, opposite to
the Poynting vector S) and subsequently superluminal propa-
gation7,16,30. While such behaviour can indeed be found in meta-
materials16, it can be excluded for HPs propagating along an h-BN slab,
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Figure 1 | Near-field imaging of metal-edge-launched HPs on a 135-nm-
thick h-BN layer on SiO2. a, Illustration of the experiment. The black,
horizontal lines of the h-BN slab represent the orientation of the material’s
layers. b, Numerical simulation of the field distribution (log scale) of type II
HPs propagating in an h-BN layer (ω = 1,563 cm−1). c, Field intensity profiles
of the M0,1,2 HP eigenmodes of the h-BN slab. d, Left: topography of a
55-nm-thick gold film on a 135-nm-thick h-BN slab on a SiO2 substrate.
Right: infrared near-field image, revealing h-BN HPs launched at the gold
edge, as well as h-BN HPs launched by the tip and reflected by the h-BN
edge (Supplementary Section A).
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Figure 2 | Time-domain interferometry of broadband HP pulses. a, Experimental set-up. b, Tip scattering of the incident field (top) and of the propagating
HP field launched by the gold edge (bottom). c, Background-subtracted space–time map of Esca for the HPII spectral range. d, Two-dimensional FT of c,
revealing the dispersion of the HPII fundamental mode (M0). Transverse (longitudinal) optical phonon frequencies are marked TO (LO). e, Top: HPII
rays (blue arrows) within the h-BN slab. Bottom: isofrequency curve solutions for equation (1) at 1,520 cm−1 (solid blue) and 1,580 cm−1 (dashed blue).
f, Two-dimensional FT of a space–time map for the HPI range (shown in Supplementary Fig. 1), revealing its fundamental mode (HPI-M0). g, Isofrequency
curve solutions for equation (1) at 777 cm−1 (solid red) and 800 cm−1 (dashed red). Note that in g, the x component of the wavevector, kx, points towards
the gold edge, corresponding to a negative phase velocity.
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owing to our direct experimental measurement of the sign of group
and phase velocities. We note that ref. 8 predicts negative values of
vg; the sign of vg in this case is referenced to the coordinate system of
the sample, whereas in our work the signs are referenced to the
direction of S. As can be seen in Fig. 1 of ref. 8, however, vg and S
are always parallel and thus vg is positive with respect to S, which
is consistent with our experimental results.


Figure 2d and f also show faint lines next to the fundamental
modes HPII-M0 and HPI-M0 (white arrows). They could indicate
higher-order HP modes or backreflection of tip-launched modes
at the gold edge. In the HPII region (Fig. 2d), the large mismatch
between the faint lines and the expected dispersion of higher-
order HPII modes (dashed lines in Fig. 3a) indicates that the
latter scenario is observed. For that reason, we consider in our
following analysis only the HPI-M0 and HPII-M0 modes.


For a quantitative analysis of the polariton propagation, we iso-
lated the HPI-M0 and HPII-M0 modes by spatial filtering of the
data in Fig. 2d,f and corrected for the illumination angle
(Supplementary Section D). The results are shown in Fig. 3a,d,
where the calculated dispersion is also plotted. We find an excellent
agreement between experiment and theory for the fundamental
modes M0. By displaying the data in the space–frequency domain
(x, ω) we can see the evolution of the polariton fields with increasing
distance x from the edge. In both bands we find an exponential
decay of the amplitude signal, while the phase linearly increases
(decreases) in the HPII (HPI) region (Fig. 3b,e). When represen-
tative frequencies are plotted in the complex plane, we observe an
anticlockwise rotating spiral in the HPII region (blue line), while it
is clockwise in the HPI region (red line), corroborating the posi-
tive and negative phase velocities in these regions, respectively.
We also find that HPII-M0 and HPI-M0 modes exhibit the
largest propagation length close to transverse optical (TO) and
longitudinal optical (LO) frequencies, respectively, which essen-
tially stems from the mode wavelengths being longest at these
frequencies. Theory confirms this observation, which can be
appreciated by comparing the calculated (white lines) and exper-
imental (blue and red lines respectively) propagation lengths
(defined as L = 1/γ) in Fig. 3b,e, reaching up to 6 μm (1.5 μm)
in the upper (lower) HP band (for further details see
Supplementary Section E).


Finally, by displaying the filtered data from Fig. 3a,d in the space–
time domain (Fig. 4b,e), we can visualize the HP pulse propagation
and directly measure the lifetimes and group velocities. In contrast
with Fig. 2c, we now clearly observe the fringes moving away from
the metal edge with increasing time delay τ. They exhibit falling
(rising) slopes (Fig. 4b,e, insets), signifying a positive (negative)
fringe velocity vf (Fig. 4c,f ), again confirming the positive (negative)
phase velocity vp of the HPII-M0 (HPI-M0) mode. At distances
between x1 and x2 we measure the positive envelope velocities
ve,HPII-M0 = Δx/Δτ = +0.027c and ve,HPI-M0 = +0.002c (Fig. 4a,d).
These numbers match the calculated group velocities (vg = ∂ω/∂kx)
of the HPII-M0 and HPI-M0 modes at frequencies of ω = 1,440 cm−1


and 802 cm−1, respectively, as obtained from the theoretical dis-
persion curves in Fig. 3a,d. These frequencies lie rather centrally
within their respective Reststrahlen bands, as the envelope velocity
reveals the average group velocity10,18–20 of the broadband HP
pulse. Our measurements thus corroborate experimentally the slow
propagation of HPs, strikingly being two orders of magnitude
smaller than plasmons on gold nanowires18,19 and comparable to
photonic crystal waveguides21, whichmay open exciting new possibi-
lities for strong light–matter coupling in the mid-infrared spectral
range, for example in sensing applications.


The space–time maps in Fig. 4 also reveal the impressive lifetimes
(field amplitude decay) of the fundamental HP pulses to be in the
picosecond range. By fitting the envelope maximum as a function
of time delay τ to an exponential function, we obtain the 1/e decay


times tHPII-M0 ≈ 0.8 ps and tHPI-M0 ≈ 1.8 ps. These experimental
values are in good agreement with the calculated HP-M0 lifetimes
within an accuracy of 20% (Supplementary Sections E and F).
Notably, these lifetimes are about one order of magnitude larger
than the lifetimes of gold plasmon polaritons at visible frequencies.
Our measurements also confirm that the pulses live longer for type
I HPs31. Without the lossy SiO2 substrate, we expect lifetimes of
∼5 ps (Supplementary Section E).
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We conclude that the extraordinary properties of h-BN HPs
promise interesting potential for subdiffraction imaging26,27,
sensing or slow light applications, while our imaging technique
could be applied for studying exotic photonic properties in
various two-dimensional materials and metamaterials that have so
far not been accessible experimentally. In combination with
electro-optic detection and pump–probe spectroscopy32,33, we envi-
sion further exciting possibilities such as the precise mapping of
length and shape of polariton pulses and the study of
nonlinear properties.


Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Numerical simulations. The near-field field distributions in Fig. 1b and the mode
profiles in Fig. 1c were calculated by finite-difference time-domain (FDTD) and
finite-difference frequency-domain (FDFD) simulations, respectively, using a
commercial software package (Lumerical Solutions). The theoretical dispersion
curves in Fig. 3a,d and propagation lengths in Fig. 3b,e were found using the transfer
matrix method. The values of the h-BN permittivity tensor ε were taken from ref. 8
and the SiO2 permittivity from ref. 34.


Sample preparation. The h-BN flake was prepared by mechanical exfoliation with
blue Nitto tape and transferred onto a Si/SiO2 (250 nm) chip using
polydimethylsiloxane35. The gold edge on top of the flake was fabricated as follows.
High-resolution electron-beam lithography was performed on an electron-sensitive
bilayer polymethyl methacrylate resist with 2 nm of gold on top (the thin gold layer
was used to avoid charging of the sample during electron-beam exposure). The gold
layer was removed by an etchant and the resist was developed in methyl isobutyl
ketone:isopropanol (1:3). A 5 nm layer of titanium (adhesion layer) and 50 nm of
gold were then deposited by electron-beam evaporation in an ultrahigh-vacuum
chamber. Finally, the resist was removed by liftoff in acetone and the sample was
rinsed with isopropanol.


Single-wavelength s-SNOM imaging. Our commercially available s-SNOM
(Neaspec) is based on an atomic force microscope (AFM). The vertically oscillating
tip (Ω = 250 kHz, NCSTAu, Nanosensors) acts as a scattering near-field probe. For
the images shown in Fig. 1d, p-polarized infrared light from a tunable continuous-
wave (CW) quantum cascade laser (ω = 1,563 cm−1, CW-PLS Laser, Daylight
Solutions) was focused via a parabolic mirror onto both the tip and sample at an
angle of 60° to the surface normal. The tip-scattered light of field Esca was recorded
with a pseudo-heterodyne interferometer36. To suppress background scattering from
the tip shaft and sample, the detector signal was demodulated at frequency 3Ω. With


this technique, both the amplitude and phase of Esca were recorded. Figure 1d shows
the amplitude of Esca.


Time-domain interferometry. For time-domain interferometry, the s-SNOM
set-up described above was used. The sample and the oscillating AFM tip
were illuminated with broadband laser pulses of ∼100 fs duration covering
1,200–1,700 cm−1 for the HPII spectral region and 700–1,000 cm−1 for the HPI
spectral region. The broadband laser pulses were generated by a difference frequency
generator (DFG, lasnix.com), with which two near-infrared, 100 fs pulse trains from
a fibre-laser system (FemtoFiber pro IR and SCIR, toptica.com) were superimposed
in a GaSe crystal37. The oscillating reference mirror of the pseudo-heterodyne
interferometer was replaced by a piezo-controlled linearly moving mirror M to
precisely control the time delay τ between the tip-scattered field Esca and the
reference pulse Eref (Fig. 2a). A line scan across the sample’s gold edge (Fig. 1d) was
repeated at increasing time delays τ to record the demodulated detector (D) signal as
a function of both position x and time delay τ (Supplementary Section B),
yielding the space–time map Idet(x,τ) shown in Fig. 2c. The detector signal was
demodulated at frequency 3Ω to suppress the background scattering from the tip
shaft and sample.
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Miniature optical planar camera based
on a wide-angle metasurface doublet corrected
for monochromatic aberrations
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Optical metasurfaces are two-dimensional arrays of nano-scatterers that modify optical


wavefronts at subwavelength spatial resolution. They are poised to revolutionize optics by


enabling complex low-cost systems where multiple metasurfaces are lithographically stacked


and integrated with electronics. For imaging applications, metasurface stacks can perform


sophisticated image corrections and can be directly integrated with image sensors. Here we


demonstrate this concept with a miniature flat camera integrating a monolithic metasurface


lens doublet corrected for monochromatic aberrations, and an image sensor. The doublet


lens, which acts as a fisheye photographic objective, has a small f-number of 0.9, an angle-of-


view larger than 60�� 60�, and operates at 850 nm wavelength with 70% focusing


efficiency. The camera exhibits nearly diffraction-limited image quality, which indicates the


potential of this technology in the development of optical systems for microscopy,


photography, and computer vision.
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O
ptical systems such as cameras, spectrometers and
microscopes are conventionally made by assembling
discrete bulk optical components like lenses, gratings


and filters. The optical components are manufactured separately
using cutting, polishing and grinding, and have to be assembled
with tight alignment tolerances, a process that is becoming more
challenging as the optical systems shrink in size. Furthermore, the
continuous progress of mobile, wearable, and portable consumer
electronics and medical devices has rapidly increased the demand
for high-performance and low-cost miniature optical systems.
Optical metasurfaces offer an alternative approach for realization
of optical components1–5. Recent advances have increased their
efficiency and functionalities, thus allowing metasurface
diffractive optical components with comparable or superior
performance than conventional optical components6–10. The
main advantage of metasurfaces stems from the capability to
make sophisticated planar optical systems composed of
lithographically stacked electronic and metasurface layers. The
resulting optical system is aligned lithographically, thus
eliminating the need for post-fabrication alignments.


The development of the optoelectronic image sensor has been a
significant step towards the on-chip integration of cameras11;
however, the camera lenses are yet to be fully integrated with the
image sensor. The freedom in controlling the metasurface phase
profiles has enabled the implementation of spherical-aberration-
free flat lenses that focus normally incident light to diffraction
limited spots7,12–14. Such lenses have been used in applications
requiring focusing of an optical beam or collimating emission
from an optical fibre15 or a semiconductor laser10. However, the
metasurface lenses suffer from other monochromatic aberrations
(i.e., coma and astigmatism), which reduce their field of view and
hinder their adoption in imaging applications where having a
large field of view is an essential requirement. A metasurface lens
can be corrected for coma if it is patterned on the surface of a
sphere16–18, but direct patterning of nano-structures on curved
surfaces is challenging. Although conformal metasurfaces might
provide a solution19, the resulting device would not be flat. As we
show here, another approach for correcting monochromatic
aberrations of a metasurface lens is through cascading and
forming a metasurface doublet lens.


Here we show that a doublet lens formed by cascading two
metasurfaces can be corrected over a wide range of incident
angles. We also demonstrate an ultra-slim, low f-number camera,
composed of two metasurface lenses placed on top of an image
sensor. The camera represents an example of the optical systems
enabled by the metasurface vertical integration platform.


Results
Design and optimization of the metasurface doublet lens.
Figure 1a schematically shows focusing by a spherical-aberration-
free metasurface lens. Simulated focal spots for such a lens are
shown in Fig. 1b, exhibiting diffraction limited focusing
for normal incidence and significant aberrations for incident
angles as small as a few degrees. The proposed doublet lens
(Fig. 1c) is composed of two metasurfaces behaving as polariza-
tion insensitive phase plates that are patterned on two sides of a
single transparent substrate. The aberrations of two cascaded
phase plates surrounded by vacuum have been studied previously
in the context of holographic lenses, and it has been shown that
such a combination can realize a fisheye lens with significantly
reduced monochromatic aberrations20. We used the ray tracing
approach to optimize the phase profiles of the two metasurfaces
when they are separated by a 1-mm-thick fused silica substrate.
Simulation results of the focal plane spot for different incident
angles (y) are presented in Fig. 1d, showing nearly diffraction


limited focusing by the doublet up to almost 30� incident angle.
The doublet lens has an input aperture diameter of 800 mm and a
focal length of 717mm corresponding to an f-number of 0.9. In
the optimum design, the first metasurface operates as a corrector
plate and the second one performs the significant portion of
focusing; thus, we refer to them as correcting and focusing
metasurfaces, respectively. The metasurfaces are designed for the
operation wavelength of 850 nm, and are implemented using the
dielectric nano-post metasurface platform shown in Fig. 2a
(ref. 7). The metasurfaces are composed of hexagonal arrays of
amorphous silicon nano-posts with different diameters that rest
on a fused silica substrate and are covered by the SU-8 polymer.
The nano-posts behave as truncated waveguides with circular
cross sections supporting Fabry–Pérot resonances7,9,19. The high
refractive index between the nano-posts and their surroundings
leads to weak optical coupling among the nano-posts and allows
for the implementation of any phase profile with subwavelength
resolution by spatially varying the diameters of the nano-posts.
Simulated intensity transmission and phase of the transmission
coefficient for different nano-post diameters are presented in
Fig. 2b, showing that 2p phase coverage is achieved with an
average transmission over 96% (see Methods for details).


Device fabrication. We fabricated the metasurfaces on both sides
of a fused silica substrate by depositing amorphous silicon and
defining the nano-post pattern using e-beam lithography and
dry etching (see Methods for the details). First, the correcting
metasurfaces were patterned on the top side of the substrate, and
then the focusing metasurfaces were aligned and patterned on the
substrate’s bottom side (as schematically shown in Fig. 2c). To
protect the metasurfaces while processing the other side of the
substrate, the metasurfaces were cladded by a layer of cured SU-8
polymer. Aperture and field stops were formed by depositing and
patterning opaque metal layers on the top and bottom sides of the
substrate, respectively, and anti-reflection layers were coated on
both sides of the device. Photos of the top and bottom sides of a
set of fabricated metasurface doublet lenses are shown in Fig. 2c.
Scanning electron microscope images of the nano-posts are
shown in Fig. 2d.


Focal spot and focusing efficiency characterizations. We
characterized the fabricated metasurface doublet by illuminating
it with an 850 nm laser beam at different incident angles
(as shown in Fig. 3a), and measuring its focal spot and
focusing efficiency. For comparison, a spherical-aberration-
free singlet metasurface lens with the same aperture diameter
and focal length as the doublet lens (phase profile
f rð Þ ¼ � 2p=lð Þ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2þ f 2


p
, r: radial coordinate, f¼ 717 mm:


focal length, D¼ 800mm: aperture diameter) was also fabricated
and characterized. The focal spots of the metasurface doublet and
singlet lenses were measured with two different polarizations of
incident light and are shown along with the corresponding
simulation results in Fig. 3b,c, respectively (see Methods for
details). The doublet lens has a nearly diffraction limited focal
spot for incident angles up to more than 25� (with the criterion of
Strehl ratio of larger than 0.9, see Supplementary Fig. 1) while the
singlet exhibits significant aberrations even at incident angles of a
few degrees. As Fig. 3b,c shows, simulated and measured spot
shapes agree well. For the doublet lens, a small asymmetry in the
0� spot shape and slightly larger aberrations are observed in the
measured spots compared with the simulation results, which we
attribute to a misalignment (estimated B2 mm along both x and y
directions) between the top and bottom side patterns (Supple-
mentary Fig. 2).
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The focusing efficiency (ratio of the focused power to the
incident power) for the metasurface doublet lens is shown in
Fig. 3d, and is B70% for normally incident light. The focusing
efficiency is polarization dependent, and its value for unpolarized
light drops at the rate of B1% per degree as the incident angle
increases. The measured focusing efficiency at normal incidence
is lower than the average of the transmission shown in Fig. 2b
because of the large numerical aperture (NA) of the focusing
metasurface7, undesired scattering due to the sidewall roughness
of the nano-posts, residual reflection at the air/SU-8 interfaces,


and measurement artefacts (see Methods for details). The
metasurfaces are polarization insensitive at normal incidence,
but their diffraction efficiency depends on the polarization
of incident light for non-zero incident angles. The focusing
efficiency is lower for the transverse magnetic polarized light
compared with the transverse electric polarized light because of
the excitation of some resonances of the nano-posts with the axial
component of the electric field of the incident light19. This also
causes the slight difference between the transverse electric and
transverse magnetic spot shapes for the 30� incident light shown
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Figure 1 | Focusing by metasurface singlet and doublet lenses. (a) Schematic illustration of focusing of on-axis and off-axis light by a spherical-


aberration-free metasurface singlet lens. (b) Simulated focal plane intensity for different incident angles. Scale bar, 2mm. (c,d) Similar illustration and


simulation results as presented in a,b but for a metasurface doublet lens corrected for monochromatic aberrations. Scale bar, 2 mm. Both lenses have


aperture diameter of 800 mm and focal length of 717mm (f-number of 0.9) and the simulation wavelength is 850 nm. See Methods for details.
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Figure 2 | Monolithic metasurface doublet lens. (a) A schematic illustration of the dielectric metasurface used to implement the metasurface doublet


lens. The metasurface is composed of an array of amorphous silicon nano-posts covered with a layer of SU-8 polymer and arranged in a hexagonal lattice.


(b) Simulated intensity transmission (|t|2) and the phase of transmission coefficient (+t) of the metasurface shown in a with identical nano-posts as a


function of the nano-posts’ diameter. The diameters with low transmission values, which are highlighted by two grey rectangles, are excluded from the


designs. The nano-posts are 600 nm tall, the lattice constant is 450 nm, and the simulation wavelength is 850 nm. (c) Schematic drawing of the monolithic


metasurface doublet lens composed of two metasurfaces on two sides of a 1-mm-thick fused silica substrate, an aperture stop and a field stop. The


photographs of the top and bottom sides of an array of doublet lenses are also shown. (d) Scanning electron micrographs showing a top and an oblique


view of the amorphous silicon nano-posts composing the metasurfaces. Scale bars, 1 mm.
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in Fig. 3b. We measured a focusing efficiency of B75% for the
singlet, and did not observe a detectable difference between the
focal spots measured with transverse electric and transverse
magnetic polarizations. The measured relative location of the
doublet lens focal spot as a function of incident angle is shown in
Fig. 3e along with the f sin(y) curve. The good agreement between
the measured data and the curve indicates that the metasurface
doublet lens can be used as an orthographic fisheye lens or a wide
angle Fourier transform lens20. Also, the specific f sin(y) fisheye
distortion of the image leads to a uniform brightness over
the image plane21.


Imaging performance. We characterized the imaging perfor-
mance of the metasurface doublet lens using the experimental
setup shown in Fig. 4a. A pattern printed on a letter-size paper
was used as an object. The object was placed B25 cm away from
the metasurface doublet lens and was illuminated by an LED
(centre wavelength: 850 nm, bandwidth: 40 nm, spectrum shown


in Supplementary Fig. 3). The image formed by the doublet lens
was magnified by approximately � 10 using an objective and a
tube lens and captured by a camera. A bandpass filter with 10 nm
bandwidth (see Supplementary Fig. 3 for the spectrum) was used
to spectrally filter the image and reduce the effect of chromatic
aberration on the image quality. Figure 4b shows the image
captured by the camera, and its insets depict the zoomed-in views
of the image at 0�, 15� and 30� view angles. For comparison, an
image captured using the same setup but with the metasurface
singlet lens is shown in Fig. 4c. The objective lens used for
magnifying the images has a smaller NA than the metasurface
lenses and limits the resolution of the captured images
(see Supplementary Fig. 4 for an image taken with a higher NA
objective).


Any imaging system can be considered as low pass spatial filter
whose transfer function varies across the field of view. For
incoherent imaging systems, the transfer function for each point
in the field of view can be obtained by computing the Fourier
transform of the focal spot intensity. The modulus of this transfer
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Figure 3 | Measured and simulated focal spots of the metasurface doublet and singlet lenses. (a) Schematic drawing of the measurement setup.


(b) Simulated and measured focal plane intensity profiles of the metasurface doublet lens for different incident angles (y). Simulation results are shown in


the top row, and the measurement results for the transverse electric (TE) and the transverse magnetic (TM) polarizations are shown in the second


and third rows, respectively. Simulation results are obtained using scalar approximation (that is, ignoring polarization dependence). Scale bar, 2 mm.


(c) Simulated and measured focal plane intensity profiles for a metasurface singlet with the same aperture diameter and focal length as the metasurface


doublet. For the range of angles shown, the measured intensity distributions are polarization insensitive. Scale bar, 2 mm. (d) Measured focusing efficiency


of the metasurface doublet for TE- and TM-polarized incident light as a function of incident angle. The measured data points are shown by the symbols and


the solid lines are eye guides. (e) Transverse location of the focal spot for the doublet lens as a function of incident angle. The measured data points are


shown by the symbols, and the solid line shows the f sin(y) curve, where f¼ 717mm is the focal length of the metasurface doublet lens.
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function is referred to as the modulation transfer function (MTF)
and represents the relative contrast of the image versus the spatial
details of the object. The MTFs for the metasurface doublet and
singlet lenses were computed using the measured focal spots
(Fig. 3b,c) and are shown in Fig. 4d,e, respectively. Both the
images and the MTFs shown in Fig. 4b–e demonstrate the
effectiveness of correction achieved by cascading two metasur-
faces, and the diffraction limited performance of the metasurface
doublet lens over a wide field of view.


Miniature metasurface camera. To further demonstrate the
use of this technology in imaging applications, we realized a


miniature planar camera by using a metasurface doublet lens and
a CMOS image sensor as schematically shown in Fig. 4f.
To compensate for the light propagating through the cover glass
protecting the image sensor, another doublet lens was optimized
(see Metasurface Doublet Lens II in Supplementary Fig. 5). The
total dimensions of the camera (including the image sensor) are
1.6 mm� 1.6 mm� 1.7 mm. The miniature camera was char-
acterized using the setup shown in Fig. 4g and by imaging
the object shown in Fig. 4a, which was illuminated by a filtered
LED (centre wavelength: 850 nm, bandwidth: 10 nm, see
Supplementary Fig. 3 for the spectrum). The image captured by
the image sensor is also shown in Fig. 4g, which shows a wide
field of view. The camera’s image quality is reduced by the
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Figure 4 | Imaging with the metasurface doublet lens. (a) Schematic of the measurement setup. A pattern printed on a letter-size paper is used as the


object. The image formed by the metasurface camera is magnified by the combination of the objective lens and the tube lens and is captured by the


camera. A bandpass filter (centre wavelength: 850 nm, FWHM bandwidth: 10 nm) is placed between the objective and tube lens to reduce chromatic


aberrations. (b) Image taken with the metasurface doublet lens and (c) with the spherical-aberration-free metasurface singlet lens. Scale bar, 100mm. The


insets show zoomed-in views of the images at the locations indicated by the rectangles with the same outline colours which correspond to viewing angles


of 0�, 15� and 30�. Scale bar, 10mm. (d,e) Modulation transfer function (MTF) of the metasurface doublet and singlet lenses, respectively. The solid and


dashed lines show the MTF in the tangential plane (along x in Fig. 3b) and sagittal plane (along y in Fig. 3b), respectively. The diffraction limited MTF of a


lens with aperture diameter of 800 mm and focal length of 717mm is also shown for comparison. (f) Schematic drawing of a miniature planar camera


realized using a metasurface doublet lens and a CMOS image sensor. (g) Imaging setup and the image captured by the miniature camera. Scale bar,


100mm. The bandpass filter (centre wavelength: 850 nm, FWHM bandwidth: 10 nm) placed in front of the LED reduces the chromatic aberration.


NATURE COMMUNICATIONS | DOI: 10.1038/ncomms13682 ARTICLE


NATURE COMMUNICATIONS | 7:13682 | DOI: 10.1038/ncomms13682 | www.nature.com/naturecommunications 5



http://www.nature.com/naturecommunications





nonuniform sensitivity of the image sensor pixels to the 850 nm
light due to the colour filters, and by its larger-than-optimal pixel
size. Therefore, the image quality can be improved by using
a monochromatic image sensor with a smaller pixel size (the
optimum pixel size for the miniature camera is B0.4 mm based
on the MTFs shown in Fig. 4d). Thus, the miniature camera
benefits from the current technological trend in pixel size
reduction.


The intensity of the image formed by a camera only depends
on the NA of its lens (it is proportional to 1/f-number2¼ 4NA2


(ref. 22)); therefore, the metasurface miniature camera collects a
small optical power but forms a high brightness image.
Furthermore, the metasurface doublet lens is telecentric in the
image space, and light is incident on the image sensor with the
uniform angular distribution (Supplementary Fig. 5), and thus
removing the need for the variable incident angle correction in
the image sensor.


Correcting chromatic abberations. The metasurface doublet lens
suffers from chromatic aberrations that reduce the image quality
of the miniature camera as the illumination bandwidth increases.
Simulated focal spots of the metasurface doublet lens for different
illumination bandwidths and the corresponding MTFs are shown
in Fig. 5a,b, respectively. See Supplementary Fig. 6 for the off-axis
MTFs. As it can be seen from the MTFs, the imaging resolution
decreases as the illumination bandwidth increases. This effect can
be seen as reduced contrast and lower resolution in the image
shown in Fig. 5c (40 nm bandwidth illumination) compared with
the image shown in Fig. 5d (10 nm bandwidth illuminations). For
the imaging purpose, the fractional bandwidth of a metasurface
lens is proportional to l= f NA2ð Þ (Supplementary Note 1) and
can be increased by reducing the NA of the metasurface lens and
its focal length. Also, since the MTFs of the metasurface doublet
lens shown in Fig. 5b have significant high-frequency compo-
nents, the unfavourable effect of chromatic aberration can to
some extent be corrected using Wiener deconvolution23.
Figure 5e shows the deconvolution results of the image shown
in Fig. 5c that is taken with a 40-nm-bandwidth illumination
(see Methods for the details). As expected, the deconvolved image
appears sharper and has a higher contrast than the original image;
however, deconvolution also amplifies the noise, limiting its
applicability for correcting the chromatic aberrations over a
significantly wider bandwidth.


Discussion
The metasurface doublet lens and camera can be further
miniaturized by reducing the thickness of the substrate, the
diameters of the metasurface lenses, the focal length of the lens,
and the distance to the image sensor by the same scale factor,
while using the same nano-post metasurface design presented in
Fig. 2. For example, a 10� smaller camera (160 mm� 160
mm� 170mm) can be designed and fabricated using a similar
procedure on a 100-mm-thick fused silica substrate. Such a
camera would have 10� larger bandwidth compared with the
miniature camera presented here, the same image plane intensity,
but with 10� smaller image and 100� lower number of
distinguishable pixels (94� 94 pixels instead of 940� 940).
Compared with other miniature lenses reported previously24–26


and Awaiba NanEye camera (http://www.awaiba.com), the
metasurface doublet offers significantly smaller f-number
and better correction for monochromatic aberrations that
lead to brighter images with higher resolution; however,
they have larger chromatic aberration (that is, narrower
bandwidth).


The miniature metasurface camera concept can be extended for
colour and hyperspectral imaging by using a set of metasurfaces
that are designed for different centre wavelengths and fabricated
side by side on the same chip. Each of the metasurface doublet
lenses forms an image on a portion of a single monochromatic
image sensor. High-quality thin-film colour filters with different
centre wavelengths can be directly deposited on the correcting
metasurface of each doublet lens, and the colour filter efficiency
issues associated with small size colour filters will be avoided27,28.
Also, multiwavelength metasurface lenses that work at multiple
discrete wavelengths have been demonstrated29–32. However,
the multiwavelength metasurfaces exhibit the same chromatic
dispersion (that is, df =dl) and thus similar chromatic aberrations
as the single wavelength metasurface lenses. The amorphous
silicon metasurfaces have negligible absorption loss for wave-
lengths above 650 nm. For shorter wavelengths, materials with
lower absorption loss such as polycrystalline silicon, gallium
phosphide, titanium dioxide33,34 or silicon nitride35,36 can be
used.


The metasurface-enabled camera we reported here has a flat
and thin form factor, small f-number, and exhibits nearly
diffraction limited performance over a large field of view. From
a manufacturing standpoint, the metasurface doublets have
several advantages over conventional lens modules. Conventional
lens modules are composed of multiple lenses that are separately
manufactured and later aligned and assembled together to form
the module. On the other hand, the metasurface doublets are
batch manufactured with simultaneous fabrication of tens of
thousands of doublets on each wafer, and with the metasurfaces
aligned to each other using lithographic steps during fabrication.
Furthermore, the assembly of the conventional lens modules with
the image sensors has to be done in a back-end step, but the
metasurface doublet can be monolithically stacked on top of
image sensors. More generally, this work demonstrates a vertical
on-chip integration architecture for designing and manufacturing
optical systems, which is enabled through high performance
metasurfaces. This architecture will enable low-cost realization of
conventional optical systems (for example, spectrometers, 3D
scanners, projectors, microscopes and so on), and systems with
novel functionalities in a thin and planar form factor with
immediate applications in medical imaging and diagnostics,
surveillance and consumer electronics.


Methods
Simulation and design. The phase profiles of the two metasurfaces composing the
doublet lenses were obtained through the ray tracing technique using a commercial
optical design software (Zemax OpticStudio, Zemax LLC). The phase profiles were
defined as even order polynomials of the radial coordinate r as


f rð Þ ¼
X5


n¼1


an
r
R


� �2n
; ð1Þ


where R is the radius of the metasurface, and the coefficients an were optimized for
minimizing the focal spot size (root mean square spot size) at incident angles up
to 30�. Two different metasurface doublet lenses were designed. The first doublet
lens (metasurface doublet lens I) is optimized for focusing incident light in air,
and was used in measurements shown in Figs 3 and 4b,d. The second doublet lens
(metasurface doublet lens II) is optimized for focusing through the B445-mm-thick
cover glass of the CMOS image sensor, and was used in the implementation of
the miniature camera as shown in Fig. 4f,g. The optimal values of the coefficients
for the two doublet lenses are listed in Supplementary Tables 1 and 2, and
the corresponding phase profiles are plotted in Supplementary Fig. 7. The
phase profile for the spherical-aberration-free metasurface singlet is given by
f rð Þ ¼ � 2p=lð Þ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ f 2


p
, where f¼ 717mm is the focal length of the singlet


(which is the same as the focal length of the doublet lens I).
The simulation results shown in Figs 1b,d and 2b,c and Supplementary Fig. 2


were computed assuming the metasurfaces operate as ideal phase masks (that
is, their phase profile is independent of the incident angle). Incident light was
modelled as a plane wave and optical waves passing through the metasurfaces were
propagated through the homogeneous regions (that is, fused silica and air) using
the plane wave expansion technique37. The simulated focal plane intensity results
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for wideband incident light, which are shown Fig. 5a, were obtained by computing
a weighted average of the optical intensity at several discrete wavelengths in
the bandwidth of the incident light. The weights were chosen according to the
power density of incident light (Fig. 5a, bottom) assuming the diffraction efficiency
of the metasurfaces is constant over the incident light’s bandwidth. This
assumption is justified because the efficiency of dielectric nano-post metasurfaces
does not vary significantly over B10% fractional bandwidth7. The simulated
bandwidth-dependent modulation transfer function of the metasurface doublet
lens shown in Fig. 5b and Supplementary Fig. 6 were obtained by taking the Fourier
transform of the simulated focal plane intensity distributions presented in Fig. 5a.


Simulated transmission data of the periodic array of amorphous silicon nano-
posts presented in Fig. 2b were obtained by using the rigorous coupled wave
analysis technique using a freely available software package38. The simulations were


performed at l ¼ 850 nm. The amorphous silicon nano-posts (with refractive
index of 3.6 at 850 nm) are 600 nm tall, rest on a fused silica substrate (refractive
index of 1.45), and are cladded with a layer of the SU-8 polymer (refractive index
of 1.58 at 850 nm). The imaginary part of the refractive index of amorphous silicon
is smaller than 10� 4 at 850 nm and was ignored in the simulations. The nano-
posts are arranged in a hexagonal lattice with the lattice constant of a¼ 450 nm.
For normal incidence, the array is non-diffractive in both SU-8 and fused silica at
wavelengths longer than l ¼ nSU� 8


ffiffiffi
3
p


=2a ¼ 616 nm. The refractive indices of
amorphous silicon and SU-8 polymer were obtained through variable angle
spectroscopic measurements.


The metasurface patterns were generated using their phase profiles f rð Þ and
the relation between the transmission and the diameter of the nano-posts shown
in Fig. 2b. The diameter of the nano-post at each lattice site (d) was chosen to
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Figure 5 | Chromatic aberration of metasurface doublet lens and its correction. (a) Illustration of focusing of wideband light by a metasurface doublet


lens. The spectrum of the incident light (shown at the bottom) is assumed as a Gaussian function centred at the design wavelength of the doublet lens


(850 nm). Simulated focal plane intensity for the metasurface doublet lens as a function of incident light’s bandwidth for incident angles of 0� and 15� are


shown on the right. Scale bar, 2mm. (b) On-axis modulation transfer function (MTF) of the metasurface doublet lens for different bandwidth of incident


light. The MTF is computed using the simulation results shown in a. (c) Image formed by the metasurface doublet lens with unfiltered LED illumination


(40 nm FWHM bandwidth) and (d) with filtered LED illumination (10 nm FWHM bandwidth). Scale bar, 100mm. See Supplementary Fig. 3 for the spectra.


The images are captured using the setup shown in Fig. 4a but with a higher magnification objective (� 20, 0.4 NA). (e) Result of chromatic aberration


correction for the image shown in d. Scale bar, 100 mm. The insets in c–e show zoomed-in views of the images at the locations indicated by the rectangles


with the same outline colours corresponding to viewing angles of 0� (red border) and 15� (green border), and the scale bars shown in the insets represent


10mm. FWHM, full width at half maximum.
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minimize the transmission error defined as E ¼ t dð Þ� exp ifð Þj j, which is the
difference between the nano-post transmission t(d) and the desired transmission
exp ifð Þ. The nano-posts diameters corresponding to low transmission, which are
highlighted in Fig. 2b, are automatically avoided in this selection process, as the low
transmission amplitude results in a large transmission error.


Device fabrication. The metasurfaces forming the doublet lenses shown in Fig. 2c
were fabricated on both sides of a 1-mm-thick fused silica substrate. The substrate
was cleaned using a piranha solution and an oxygen plasma. A 600-nm-thick
layer of hydrogenated amorphous silicon was deposited on each side of the
substrate using the plasma enhanced chemical vapour deposition technique with
a 5% mixture of silane in argon at 200 �C. Next, the nano-post patterns for the
correcting metasurfaces were defined on one side of the substrate as follows. First
a B300-nm-thick positive electron resist (ZEP-520A) was spin coated on the
substrate and baked at 180 � C for 5 min. Then a B60-nm-thick layer of a water
soluble conductive polymer (aquaSAVE, Mitsubishi Rayon) was spin coated on the
resist to function as a charge dissipating layer during electron-beam patterning.
The metasurface patterns and alignment marks were written on the resist using
electron-beam lithography. The conductive polymer was then dissolved in water
and the resist was developed in a resist developer solution (ZED-N50, Zeon
Chemicals). A 70-nm-thick layer of aluminium oxide was deposited on the resist
and was patterned by lifting-off the resist in a solvent (Remover PG, MicroChem).
The patterned aluminium oxide was then used as the hard mask in dry etching of
the underlying amorphous silicon layer. The dry etching was performed in a
mixture of SF6 and C4F8 plasmas using an inductively coupled plasma reactive ion
etching process. Next, the aluminium oxide mask was dissolved in a 1:1 mixture of
ammonium hydroxide and hydrogen peroxide heated to 80 �C. Figure 2d shows
scanning electron micrographs of the top and oblique view of the nano-posts at this
step of the fabrication process. The metasurfaces were then cladded by the SU-8
polymer (SU-8 2002, MicroChem) that acts as a protective layer for the meta-
surfaces during the processing of the substrate’s backside. A B2-mm-thick layer of
SU-8 was spin coated on the sample, baked at 90 �C for 5 min, and reflowed at
200 �C for 30 min to achieve a completely planarized surface. The SU-8 polymer
was then ultraviolet exposed and cured by baking at 200 �C for another 30 min. The
complete planarization of the metasurfaces, and the void-free filling of the gaps
between the nano-posts were verified by cleaving a test sample fabricated using
a similar procedure and inspecting the cleaved cross section using a scanning
electron microscope.


The focusing metasurfaces were patterned on the backside of the substrate using
a procedure similar to the one used for patterning the correcting metasurfaces.
To align the top and bottom metasurface patterns, a second set of alignment
marks was patterned on the backside of the substrate and aligned to the topside
alignment marks using optical lithography. The focusing metasurface pattern was
subsequently aligned to these alignment marks. The aperture and field stops were
then patterned by photo-lithography, deposition of chrome/gold (10 nm/100 nm)
layers, and photoresist lift-off. To reduce the reflection at the interface between
SU-8 and air, a B150-nm-thick layer of hydrogen silsesquioxane (XR-1541 from
Dow Corning with refractive index of 1.4 at 850 nm) was spin coated on both sides
of the substrate and baked at 180 �C for 5 min.


Systematic fabrication errors due to non-optimal exposure dose in e-beam
lithography, or over and under etching will generally increase or decrease the nano-
post diameters almost by the same amount. To compensate for such errors, we
fabricated a set of devices (as shown in Fig. 2c) with all nano-post diameters biased
by the same amount (in steps of 5 nm) from their design values. All the devices in
the set showed similar focal spots, but with different focusing efficiencies. The
focusing efficiency at normal incidence decreased by B2.5% for every 5 nm error
in the nano-post diameters.


Measurement procedure and data analysis. The measurement results shown
in Fig. 3b–e were obtained using the experimental setup schematically shown in
Fig. 3a. An 850 nm semiconductor laser (Thorlabs L850P010, measured spectrum
shown in Supplementary Fig. 3) was coupled to a single mode fibre. The fibre
passed through a manual polarization controller and was connected to a fibre
collimation package (Thorlabs F220APC-780, 1/e2 beam diameter: B2.3 mm). The
collimated beam was passed through a linear polarizer (Thorlabs LPNIR050-MP)
that sets the polarization of light incident on the doublet. The collimator and the
polarizer were mounted on a rotation stage whose rotation axis coincides with the
metasurface doublet lens. The focal plane of the doublet lens was imaged using an
objective lens, a tube lens (Thorlabs AC254-200-B, focal length: 20 cm) and a
camera (Photometrics CoolSNAP K4, pixel size: 7.4 mm). A � 100 objective lens
(Olympus UMPlanFl, NA¼ 0.95) was used in measurements shown in Fig. 3b–d,
and a � 50 objective lens (Olympus LMPlanFl N, NA¼ 0.5) with a larger field
of view was used for obtaining the focal spot position data shown in Fig. 3e.
A calibration sample with known feature sizes was used to accurately determine
the magnification of the objective/tube lens combination for both of the objectives.
The dark noise of the camera was subtracted from the measured intensity images
shown in Fig. 3b,c.


The focusing efficiency presented in Fig. 3d is defined as the ratio of the optical
power focused by the lens to the optical power incident on the lens aperture. The
focusing efficiency for the normal incidence (zero incident angle) was measured by


placing a 15-mm-diameter pinhole in the focal plane of the doublet lens and
measuring the optical power passed through the pinhole and dividing it by the
power of the incident optical beam. For this measurement, the 1/e2 diameter of the
incident beam was reduced to B500mm by using a lens (Thorlabs LB1945-B, focal
length: 20 cm) to ensure that more than 99% of the incident power passes through
the aperture of the doublet lens (800 mm input aperture diameter). The incident
and focused optical powers were measured using an optical power meter (Thorlabs
PM100D with Thorlabs S122C power sensor). The pinhole was a 15-mm-diameter
circular aperture formed by depositing B100 nm chrome on a fused silica substrate
and had a transmission of B94% (that is, 6% of the power was reflected by the
two fused silica/air interfaces), therefore the reported focusing efficiency values
presented in Fig. 3d underestimate the actual values by a few percent.


The focusing efficiency values for non-zero incident angles were found using
the focal spot intensity distributions captured by the camera and the directly
measured focusing efficiency for normal incidence. First, the focused optical
powers for different incident angles were obtained by integrating the focal plane
intensity distributions within a 15-mm-diameter circle centred at the intensity
maximum. The intensity distributions were captured by the camera when the
doublet was illuminated by a large diameter beam (1/e2 beam diameter of
B2.3 mm) and the dark noise of the camera was subtracted from the recorded
intensities before integration. Next, the focused optical powers for different
incident angles were compared with the focused power at normal incidence and
corrected for the smaller effective input aperture (that is, a cos(y) factor). The
measurement was performed for transverse electric (with electric field parallel to
the doublet lens’s surface) and transverse magnetic (with magnetic field parallel to
the doublet lens’s surface) polarizations of the incident beam.


The images presented in Fig. 4b,c were captured using the experimental setup
schematically shown in Fig. 4a. A pattern was printed on a letter-size paper
(B22 cm� 28 cm) and used as an object. The object was placed in front of the
metasurface lens at a distance of B25 cm from it. Three ruler marks were also
printed as a part of the pattern at viewing angles of 0�, 15� and 30�. The object was
illuminated by an 850 nm LED (Thorlabs LED851L, measured spectrum shown in
Supplementary Fig. 3). The images formed by the metasurface lenses were
magnified by approximately � 10 using an objective lens (Olympus UMPlanFl,
� 10, NA¼ 0.3) and a tube lens (Thorlabs AC254-200-B, focal length: 20 cm).
A bandpass filter (Thorlabs FL850-10, centre wavelength: 850 nm, full width at half
maximum (FWHM) bandwidth: 10 nm) was placed between the objective lens and
the tube lens. The placement of the filter between the objective and the tube lens
did not introduce any discernible aberrations to the optical system. The magnified
images were captured using a camera (Photometrics CoolSNAP K4) with pixel
size of 7.4 mm. The images shown in Fig. 5c,d and Supplementary Fig. 4 were
also captured using the same setup but with different objective lenses (Olympus
LMPlanFl, � 20, NA¼ 0.4 for Fig. 5c,d and Olympus LMPlanFl N, � 50, NA¼ 0.5
for Supplementary Fig. 4).


The miniature camera schematically shown in Fig. 4f is composed of the
metasurface doublet lens II (with parameters listed in Supplementary Table 2) and
a low-cost colour CMOS image sensor (OmniVision OV5640, pixel size: 1.4 mm)
with a cover glass thickness of 445±20 mm. An air gap of 220mm was set between
the metasurface doublet lens and the image sensor to facilitate the assembly of the
camera. The metasurface doublet was mounted on a 3-axis translation stage during
the measurements. To set the distance between the image sensor chip and the
doublet, a far object was imaged and the distance was adjusted until the image was
brought into focus.


The modulation transfer functions shown in Fig. 4d,e were computed by taking
the Fourier transform of the measured focal plane intensity distributions shown in
Fig. 3b,c, respectively. The dark noise of the camera was first subtracted from the
recorded intensity distributions. The diffraction limit curves shown in Fig. 4d,e are
the simulated modulation transfer function of a diffraction limited lens (that is,
Fourier transform of the diffraction limited Airy disk) with the same focal length
(f¼ 717 mm) and aperture diameter (D¼ 800mm) as the metasurface doublet and
singlet lenses used in the measurements.


The image shown in Fig. 5e was obtained using Wiener deconvolution23, and by
filtering the image shown in Fig. 5c by the Wiener filter


H nð Þ ¼ MTF nð Þ
MTF2 nð ÞþN nð Þ=S nð Þ ; ð2Þ


where n is the spatial frequency, MTF nð Þ is the on-axis modulation transfer
function of the metasurface doublet lens for illumination with 40 nm FWHM
bandwidth (shown in Fig. 5b), and N nð Þ and S nð Þ are the power spectral densities
of the noise and the image, respectively. The noise was assumed to be white (that is,
constant power spectral density), and S nð Þ was assumed to be equal to the power
spectral density of an image formed with a diffraction limited imaging system with
NA¼ 0.4 (that is, the NA of the objective lens used for magnification in the
experimental setup). The signal to noise ratio was found as B250 by estimating the
camera’s noise, and was used to set the constant value for N nð Þ.


Data availability. The data that support the finding of this study are available
from the corresponding author upon request.
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Inverse design and demonstration of a compact
and broadband on-chip wavelength demultiplexer
Alexander Y. Piggott, Jesse Lu, Konstantinos G. Lagoudakis, Jan Petykiewicz, Thomas M. Babinec
and Jelena Vučković*


Integrated photonic devices are poised to play a key role in a
wide variety of applications, ranging from optical intercon-
nects1 and sensors2 to quantum computing3. However, only a
small library of semi-analytically designed devices is currently
known4. Here, we demonstrate the use of an inverse design
method that explores the full design space of fabricable
devices and allows us to design devices with previously unat-
tainable functionality, higher performance and robustness,
and smaller footprints than conventional devices5. We have
designed a silicon wavelength demultiplexer that splits
1,300 nm and 1,550 nm light from an input waveguide into two
output waveguides, and fabricated and characterized several
devices. The devices display low insertion loss (∼2 dB), low
crosstalk (<−11 dB) and wide bandwidths (>100 nm). The
device footprint is 2.8 × 2.8 μm2, making this the smallest
dielectric wavelength splitter.


Electronic hardware description languages such as Verilog and
VHDL are widely used in industry to design digital and analogue
circuits6,7. The automation of large-scale circuit design has
enabled the development of modern integrated circuits that can
contain billions of transistors. Photonic devices, however, are
effectively designed by hand. The designer selects an overall
structure based on analytic theory and intuition, and then fine-
tunes the structure using brute-force parameter sweep simulations.
Due to the undirected nature of this process, only a few degrees
of freedom (two to six) are available to the designer. The field of
integrated photonics would be revolutionized if the design of
optical devices could be automated to the same extent as
circuit design.


We have previously developed an algorithm that can automati-
cally design arbitrary linear optical devices5. Our method allows
the user to ‘design by specification’, whereby the user simply speci-
fies the desired functionality of the device, and the algorithm finds a
structure that meets these requirements. In particular, our algorithm
searches the full design space of fabricable devices with arbitrary
topologies. These complex, aperiodic structures can provide pre-
viously unattainable functionality, or higher performance and
smaller footprints than traditional devices, due to the greatly
expanded design space5,8–14. Our algorithm uses local-optimization
techniques based on convex optimization15 to efficiently search this
enormous parameter space.


Here, we demonstrate the capabilities of our inverse design algor-
ithm by designing and experimentally demonstrating a compact
wavelength demultiplexer on a silicon-on-insulator (SOI) platform.
One of the key functions of silicon photonics is wavelength division
multiplexing (WDM), which multiplies the data capacity of a single
optical waveguide or fibre-optic cable by the number of wavelength
channels used16–18. Unfortunately, conventional wavelength demul-
tiplexers such as arrayed waveguide gratings19, echelle grating


demultiplexers20 and ring resonator arrays21 are fairly large, with
dimensions ranging from tens to hundreds of micrometres22.
Our device has a footprint of only 2.8 × 2.8 μm2, which is
considerably smaller than any previously demonstrated dielectric
wavelength splitter23.


Let us now consider the general formulation of the inverse design
problem for optical devices. We choose to specify the performance
of our device by defining the mode conversion efficiency between
sets of input modes and output modes at several discrete frequen-
cies. These modes and frequencies are specified by the user and
kept fixed during the optimization process. In the limit of a continu-
ous spectrum of frequencies, any linear optical device can be
described by the coupling between sets of input and output
modes, making this a remarkably general formulation24.


Suppose the input modes i = 1…M are at frequencies ωi and can
be represented by equivalent current density distributions Ji. The
electric fields Ei generated by the input modes should then satisfy
Maxwell’s equations in the frequency domain,


∇ × μ−10 ∇ × Ei − ω2
i ϵEi = −iωiJi (1)


where ϵ is the electric permittivity and μ0 is the magnetic per-
meability of free space.


We can then specify Ni output modes of interest for each input
mode i. We define the output mode electric fields Eij over output
surfaces Sij, where j = 1…Ni. The device performance is then speci-
fied by constraining the amplitude coupled into each output mode
to be between αij and βij. This leads to the constraint


αij ≤ ∫∫Sij E
⋆
ij · EidS


∣
∣
∣


∣
∣
∣ ≤ βij (2)


where we have used overlap integrals to compute the mode coupling
efficiency into each output mode and assumed that the input and
output modes are appropriately normalized.


The inverse design problem thus reduces to finding the permit-
tivity ϵ and electric fields Ei that simultaneously satisfy the physics
described by equation (1) and the device performance constraints
described by equation (2). In general, we also have additional con-
straints on the permittivity ϵ due to fabrication limitations.


We use two methods to solve this problem, the ‘objective first’
method5 and a ‘steepest descent’ method. In the objective first
method, we constrain the electric fields Ei to satisfy our performance
constraints in equation (2), but allow Maxwell’s equations to be
violated. We then minimize the violation of physics using the
‘Alternating Directions Method of Multipliers’ (ADMM) optimiz-
ation algorithm5. We call this method ‘objective first’ because we
are forcing the fields to satisfy the performance objectives first
and then attempting to satisfy Maxwell’s equations.
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In the steepest descent method we constrain our electric fields Ei
to satisfy Maxwell’s equations and define a performance metric
function based on the violation of our device performance con-
straints in equation (2). We then compute the local gradient of
the performance metric by solving an adjoint electromagnetic
problem and perform steepest-gradient descent optimization5,14.


In designing the compact wavelength demultiplexer we chose a
simple planar three-port structure with one input waveguide, two
output waveguides and a square design region (Fig. 1a). For ease of
fabrication, the structure was constrained to a single fully etched
220-nm-thick Si layer on a SiO2 substrate with air cladding.
Refractive indices of nSi = 3.49, nSiO2


= 1.45 and nair = 1 were used.
The fundamental transverse electric (TE) mode of the input waveguide
was used as the input mode for the inverse design procedure, and the
fundamental TEmodes of the two output waveguides were used as the
output modes. At 1,300 nm, we specified that >90% of the input power


should be coupled out of port 2 and <1% of the power should be
coupled out of port 3; the converse was specified for 1,550 nm.


The optimization processes proceeded in several stages, as out-
lined in Fig. 1b. In the first stage, the permittivity ϵ in the design
region was allowed to vary continuously between the permittivities
of silicon and air (linear parameterization). The objective first
method was used to generate an initial guess for the structure,
and the steepest descent method was then used to fine-tune the
structure. In the second stage, the structure was converted to a
binary level-set representation25 and then optimized using steepest
descent. Up to this point, the device performance had only been
specified at the two centre wavelengths of 1,300 nm and 1,550 nm.
In the final stage, the device was optimized for broadband perform-
ance by specifying the device performance at ten different wave-
lengths, with five frequencies equally spaced about each centre
frequency. Broadband performance has previously been shown to


a


b Boundary
parameterizationInitial0 Linear


parameterization1 2
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design
ϵSi


ϵair


3


1,300 nm


1,550 nm


Design region


Port 1


Port 2


Port 3


1 µm


Figure 1 | Overview of the inverse design process. a, The device functionality is defined for the inverse design algorithm by specifying the surrounding
structure, the design region and the coupling between a set of input and output modes. For the compact wavelength demultiplexer demonstrated in this
work, the structure consists of one input waveguide, two output waveguides and a 2.8 × 2.8 μm2 design region. The 1,300 nm band light is coupled into the
fundamental TE mode of port 2, and 1,550 nm band light is coupled into the fundamental TE mode of port 3. All three waveguides are identical, with a width
of 500 nm. b, Intermediate structures generated by the inverse design process. In the first stage the structure is optimized while allowing the permittivity ϵ
to vary continuously (linear parameterization). In the next stage we convert to a boundary parameterization and optimize the structure for operation at only
1,300 nm and 1,550 nm. In the final stage, broadband optimization is performed to generate a robust device.
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Figure 2 | The compact wavelength demultiplexer designed by the inverse design algorithm. a, A three-dimensional rendering of the structure. Silicon is
shown in grey and SiO2 in blue. Light enters the device from the input waveguide on the left-hand side and exits via one of the two output waveguides on
the right. b, Field plots of the device operating at 1,300 nm (left) and 1,550 nm (right), calculated finite-difference time domain (FDTD) simulations. Here, we
have plotted the electromagnetic energy density U = ϵ|E|2 + μ|H|2. An animated version of Fig. 2b is available in Supplementary Movie 1.
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be a heuristic for structures that are tolerant to fabrication imperfec-
tions, and it was hoped that this would result in a more robust
design5. The WDM device was designed in ∼36 h using a single
server with three NVidia GTX Titan graphics cards.


The final designed device is shown in Fig. 2a. The simulated elec-
tric fields at the central operating wavelengths of 1,300 nm and
1,550 nm are plotted in Fig. 2b. At both wavelengths, the light
takes a relatively confined path through the structure, despite the
convoluted geometry of the etched silicon layer.


The devices were fabricated using electron-beam lithography fol-
lowed by plasma etching. Scanning electron microscopy (SEM)
images of a final fabricated device are shown in Fig. 3a. The original
design was accurately reproduced by the fabrication process, with
the exception of two small (∼100 nm) holes next to the input
waveguide, which are missing.


Themeasured and simulated scattering parameters (S-parameters)
for the compactWDMdevice are plotted in Fig. 4. The plotted wave-
length range was limited by the spectral bandwidth of the excitation
source. Measurements from three identically fabricated devices are
plotted together in Fig. 4b, showing that device performance is
highly repeatable. Although somewhat degraded in performance
with respect to the simulated devices, the fabricated WDM devices
exhibit relatively low peak insertion losses of –1.8 dB and –2.4 dB
in the 1,300 nm and 1,550 nm bands and broad 3 dB bandwidths
of 100 nm and 170 nm, respectively. Crosstalk is less than –11 dB
throughout both bands. We attribute the discrepancy between
simulation and measurement to fabrication imperfections.


In summary, we have experimentally demonstrated a compact,
practical wavelength demultiplexer designed using our inverse
design algorithm. This device provides functionality that has
never before been demonstrated in such a small structure. Owing
to its flexibility, our inverse design algorithm can also be applied
to a wide variety of other problems and material systems, such as
metamaterials and plasmonic systems. In future, the optimization
algorithm could be extended to incorporate optical nonlinearities
and active devices. Our results suggest that the inverse design of
optical devices will revolutionize integrated photonics, ushering in
a new generation of highly compact optical devices with novel
functionality and high efficiencies.


Methods
Methods and any associated references are available in the online
version of the paper.
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Figure 3 | SEM images of the fabricated wavelength demultiplexer. The
device was fabricated by fully etching the 220-nm-thick device layer of an
SOI substrate, leaving the structure with an air cladding. a, Top-down view.
b, Angled view. The vertical sidewalls are clearly visible in this view.
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Figure 4 | S-parameters for the device, where Sij is the transmission from
port j to port i. a,b, Plots of transmission from input port 1 to output ports 2
and 3: S-parameters simulated using FDTD simulations (a); measured
S-parameters for three identical devices (b). Shaded areas indicate minimum
and maximum measured values across all measured devices, and solid lines
indicate the average values. The measured devices exhibit relatively low
peak insertion losses of –1.8 dB and –2.4 dB in the 1,300 nm and 1,550 nm
bands, and broad 3 dB bandwidths of 100 nm and 170 nm, respectively.
Crosstalk is less than –11 dB throughout both bands. The insertion losses and
crosstalk of the device are somewhat degraded with respect to the simulated
values due to fabrication imperfections.
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Methods
Optimization algorithm and electromagnetic simulations. The detailed inverse
design algorithm has been described elsewhere5,14,26. A graphical processing unit
accelerated implementation of the Maxwell FDFD solver was used to efficiently solve
Maxwell’s equations throughout the optimization process27,28. An in-house
graphical processing unit accelerated FDTD solver was used to run final verification
simulations of the designed structure.


Fabrication. The devices were fabricated using Unibond SmartCut SOI wafers
obtained from SOITEC, with a nominal 220 nm device layer and 3.0 μm buried
oxide layer. A JEOL JBX-6300FS electron-beam lithography system was used to
pattern a 330 nm ZEP-520A electron-beam resist layer spun on the samples. We did
not compensate for the proximity effect in the electron-beam lithography step. A
transformer-coupled plasma etcher was used to transfer the mask to the silicon
device layer, using a C2F6 breakthrough step and a BC13/C12/O2 chemistry main
etch. The mask was stripped by soaking in Microposit Remover 1165, followed by a
Piranha clean using a 4:1 ratio of concentrated sulphuric acid and 30% hydrogen
peroxide. Finally, the samples were diced and polished to expose the waveguide
facets for edge coupling. Detailed schematics of the device are provided in the
Supplementary Section 1.


Measurements. The devices were measured by edge-coupling the input and output
waveguides to lensed fibres. A polarization-maintaining (PM) lensed fibre was used


on the input side to ensure that only the fundamental TE waveguide mode was
excited. The polarization extinction ratio of the light emitted by the PM lensed fibre
was measured using a polarizing beamsplitter to be 19.0 dB at 1,470 nm and 20.7 dB
at 1,570 nm. A non-PM lensed fibre was used to collect light from the outputs. The
lensed fibres were aligned by optimizing the transmission of a laser at 1,470 nm,
ensuring consistent coupling regardless of the transmission characteristics of
the devices.


A fibre-coupled broadband light-emitting diode source and fibre-coupled optical
spectrum analyser were used to characterize the devices. The transmission measured
through each device was normalized with respect to a straight-through waveguide
running parallel to each device. This eliminated any coupling and waveguide losses,
and yielded a direct measurement of the device efficiencies.
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Nontransparent contact fingers on the sun-facing side of solar
cells represent optically dead regions which reduce the energy
conversion per area. We consider two approaches for guiding
the incident light around the contacts onto the active area. The
first approach uses graded-index metamaterials designed by
two-dimensional Schwarz–Christoffel conformal maps, and
the second uses freeform surfaces designed by one-dimensional
coordinate transformations of a point to an interval. We
provide proof-of-principle demonstrators using direct laser
writing of polymer structures on silicon wafers with opaque
contacts. Freeform surfaces are amenable to mass fabrication
and allow for complete recovery of the shadowing effect for all
relevant incidence angles. © 2015 Optical Society of America


OCIS codes: (160.3918) Metamaterials; (350.3950) Micro-optics;


(230.4000) Microstructure fabrication; (350.6050) Solar energy.


http://dx.doi.org/10.1364/OPTICA.2.000850


Today, when extracting electrical power from photovoltaic (PV)
devices, every improvement matters. To reduce serial Ohmic re-
sistance losses otherwise limiting the PV efficiency, metallic fin-
gers and bus bar grids on the sun-facing surface of crystalline
silicon solar cells are required. Likewise, interconnecting bus
bar lines between cell stripes in thin-film PV modules are also
necessary. All of these contact schemes create significant shading
losses of the PV modules such that the overall active area is re-
duced by a few percent, resulting in correspondingly decreased
power-conversion efficiencies [1]. If a contact could be made
“invisible” by guiding the incident light around it and absorbing
the light within the PV active region, this loss would be recovered.
One might then even consider increasing the fractional metal con-
tact area on top of the PV cell to further reduce the serial Ohmic
resistance.


The contact shadowing problem has been recognized previ-
ously: proposed concepts like refracting triangular grooves in a
dielectric layer on top of the PV cell [2,3] or experimentally real-
ized reflecting triangular metal contacts called light-harvesting
strings [4] have already provided partial remedy. However, can
the shadow effect be eliminated completely? What are the prac-
tical limits?


Recently, ideal invisibility cloaks have been designed theoreti-
cally by mapping coordinate transformations, which exclude a
certain region from space, onto spatially inhomogeneous and
anisotropic material distributions. Theoretically, these devices
could be integrated into the solar cell where they serve the purpose
of perfectly molding the flow of light around the metal contact
and onto the PV cell active area for any angle of incidence and any
polarization of light. Intuitively, one can think of the resulting
structures as anisotropic yet polarization-independent graded-
index lenses. However, the required electric permittivity ε


↔
and


magnetic permeability μ
↔
tensors within these ideal cloaks contain


elements with zeros and infinities [5]. For the broad spectral
range relevant for solar energy conversion, however, nature
has only provided us with transparent dielectrics with refractive
indices n within the rather limited range of about n � 1 − 3
(⇔ ε � 1 − 9 and μ � 1). Hence, such ideal cloaks are far from
being practical. There is, however, room for simplifications:
first, a large fraction of the sunlight impinges onto the PV
cell with near normal incidence. Angles beyond few tens of
degrees with respect to the surface normal are of lesser impor-
tance. This means that an ideal omnidirectional cloak is not
needed. Second, ideal cloaks also preserve the light phase.
This aspect is not relevant for the purpose of solar energy con-
version either.


In this Letter, by using coordinate transformations, we design
devices that offer a trade-off between invisible-contact performance
and practical accessibility. Since typical solar cell contacting
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schemes feature metal fingers with lengths at least an order of mag-
nitude larger than their widths, we consider the fingers to be in-
finitely elongated along the z axis and parallel to the PV cell plane,
such that the problem can effectively be treated within the xy
plane. We choose the y axis to be normal to the PV cell surface
at y � 0. Pendry’s famous coordinate transformation [5] of a (by
definition invisible) point to a cloaked circle of radius R1 is illus-
trated in Fig. 1(a). It is restricted to a radius of R2 ≥ R1. In polar
coordinates, with radial coordinate r and azimuthal angle φ, this
transformation is given by


r → r 0 � R2 − R1


R2


r � R1; (1)


for 0 ≤ r ≤ R2 and r 0 � r otherwise. The angle is not trans-
formed. The resulting anisotropic tensors of electric permittivity
and magnetic permeability starting from vacuum/air have been
given [5] and shall not be repeated here.


As can be seen from Fig. 1(a), light avoids a region of width
2R1 in which the metal contact can be positioned. By construc-
tion, such a cloak appears as homogeneous vacuum/air. This
means that one would get the same reflections at the interface
between cloak and PV cell as between vacuum/air and the PV cell.
If one wanted to eliminate these reflections, an additional antire-
flection coating or more advanced designs would be required.


A major challenge of this approach lies in the large material
contrast and the large anisotropies required. For dielectrics,
anisotropies are inherently connected with birefringence, which
is highly undesirable here because the aim is to bring all polariza-
tions of light onto the PV cell active area. This means that practical
designs must be based on locally isotropic dielectrics. Furthermore,
they must be off-resonant to support broadband low-loss opera-
tion. As considered by Leonhardt [6], two-dimensional conformal
mappings do, in fact, always lead to graded-index structures with
locally isotropic refractive indices. In a conformal mapping, the x
and y coordinates are interpreted as the real and imaginary parts
of a complex quantity u � x � iy, and likewise u 0 � x 0 � iy 0.
For a conformal map according to u → u 0 � f �u�, the equivalent
graded refractive index distribution results from [6]. Any con-
formal map is infinitely extended in the complex plane.
Unfortunately, this means that the resulting invisibility structure


on top of a metal contact is infinitely large, too. However, it can be
truncated approximately, thereby leading to a finite-size structure.


Different conformal maps have been discussed [6–8]. Here,
we divide the space on top of the PV cell into a left and a right
half. A Schwarz–Christoffel transformation [9] conformally maps
each half-space onto a polygon, as illustrated in Fig. 1(b). The
charm of this particular transformation is that the expression ob-
tained for the refractive index distribution, n�u� � jdf ∕duj−1, is
analytic (see Supplement 1). Nevertheless, the index distribution
contains singularities that need to be eliminated for any practical
design. Therefore, we truncate the refractive-index profile to the
interval from 1.0 to 1.5, which allows for the use of ordinary con-
stituent materials such as polymers or silica glass.


By design, the resulting untruncated structure works perfectly
under normal incidence of light, both in wave optics and in ray
optics. Here, we focus on ray optics though, because the envi-
sioned metal contacts are many tens or hundreds of wavelengths
in size. Consistently, plasmonic effects at the metallic contact
fingers are neglected. With truncation with respect to spatial ex-
tent and refractive index, the performance is still excellent under
normal incidence of light (see Supplement 1). Light impinging
under normal incidence and propagating according to the con-
formal map accumulates the same phase or time-of-flight as
though contact and cloak were not there. As pointed out above,
this aspect is necessary in the context of true invisibility cloaking
but not important for efficient energy conversion.


We also consider an even simpler approach, which ignores the
phase (or time of flight) of light altogether. This approach is illus-
trated in Fig. 2: the goal is to avoid light rays hitting the contact
centered around x � 0 in the region jxj ≤ R1 and spread the light
evenly within the remaining region jxj ∈ �R1; R2�. In analogy to
Pendry’s cloaking transformation of a point to a circle [5] just
discussed, we can accomplish this goal by the one-dimensional
linear coordinate transformation


x 0 � R2 − R1


R2


x � R1; (2)


for x ≥ 0, which we shall assume from now on. The left half is the
mirror image. The region with jxj > R2 remains untransformed,
i.e., x 0 � x. Next, we map every light ray arriving under normal
incidence at coordinate x at height y > 0 onto the transformed
coordinate x 0�x� on the wafer surface at y � 0.


For a homogeneous dielectric material with constant refractive
index n in between, the rays are straight lines. Thus, the angle
α � α�x� with respect to the surface normal is given by


(a) (b)


1.5


1.25


1


Fig. 1. Coordinate transformations enabling invisible contacts on solar
cells. The elongated metal contact to be made invisible can be arbitrarily
shaped within the black region. (a) Transformation of a point to a circle
with diameter 2R1 leading to anisotropic magnetodielectric material
distributions (white region). (b) Schwarz–Christoffel conformal map
leading to an isotropic graded-index structure with n�x; y� ∈ �0;∞�
(color-coded). For the realization, we truncate the refractive index to
the interval [1.0, 1.5] and fill the forbidden region (black) with full
material (n � 1.5).


Fig. 2. One-dimensional linear coordinate transformation x → x 0 of a
point to a finite interval with width 2R1 leading to an angle distribution
α�x�. This distribution can be realized by a freeform surface y�x� of a
dielectric with constant refractive index, n, on top of the solar cell.
The local surface inclination angle is denoted by β�x�.
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tan�α� � �x 0 − x�∕y. The change in angle at the interface can be
achieved in different ways. For example, flat optics by designer
metasurfaces could be used [10]. It is challenging to obtain broad-
band and low-loss operation, though. A second way is to use re-
fraction and incline the air–dielectric interface by an angle β with
respect to the horizontal (x axis) as a function of x in small
intervals, leading to a graded sawtooth shape. We follow a third
approach, which uses a smooth freeform surface y � y�x�. The
geometry and Snell’s law lead to an implicit equation for the
surface tilt angle β � β�x� with respect to the horizontal.
Integration of dy∕dx � tan�β� leads to the height profile y�x�
(see Supplement 1 for details). The resulting nonlinear differential
equation for β�x� can be solved numerically without further
approximations; alternatively, it can be solved analytically within
the limit of small angles (see Supplement 1).


Corresponding results for the numerical solution are shown in
Fig. 2. Obviously, the structure can again be seen as just some
lens. Indeed, for R1 � R2, one gets a lens that focuses light rays
to a common point on the PV cell surface. For the more relevant
choice of R1 < R2, the lens rather avoids sending light onto the
metal contact area and distributes it evenly onto the regions in
between adjacent contacts. By design, the structure operates per-
fectly for normal incidence of light rays—for different possible
choices of R2 and y�0�. We thus exploit these two parameters
to further optimize the performance for oblique incidence of
light. Notably, such freeform surfaces can potentially be mass-
manufactured in a cost-effective way by making a master and
using it for imprinting, e.g., of inexpensive polymers.


To prove the principle, we have fabricated the designed
graded-index structures as well as the dielectric freeform surfaces.
Examples of corresponding electron micrographs as well as optical
measurements are depicted in Fig. 3.


All structures are made using three-dimensional direct laser
writing (DLW, see Supplement 1) of polymers (n ≈ 1.5) directly
onto a silicon wafer on which 20 μm wide and 60 nm thick gold
strips (modeling reflective metallic contact fingers) have been pre-
fabricated by standard electron-beam lithography. The graded-
index profile is mimicked by a woodpile photonic crystal used
in the long-wavelength limit [11,12]. The local woodpile polymer
volume filling fraction is adjusted to give the desired refractive-
index profile [11,12]. Due to resolution restrictions in rapid
galvoscanning DLW, the woodpile rod spacing is limited to
a � 800 nm. As a result, the operation wavelength cannot be
smaller than 1.5 μm [11]. In principle our concept can also be
transferred to the visible, although smaller rod spacings are needed.
To allow for direct comparison, we use the same characterization
setup and the same infrared wavelength for the freeform surfaces
(although they do not underlie the same restriction).


A semiconductor diode laser emitting at 1.5 μm wavelength is
coupled into a single-mode optical fiber. Its output is imaged onto
the sample and the photocurrent, detected by a large-area germa-
nium photodiode butt-coupled to the silicon wafer, is recorded as
a function of the spot’s x coordinate. If the spot hits the contact
without any polymer structure on top, the photocurrent drops to
values near zero (see Fig. 3). In sharp contrast, with cloak, the
photocurrent on the contact is nearly as large as that without any
structure on the silicon wafer. On the sides of the contact, the
photocurrent also slightly rises because the polymer slab effec-
tively acts like an antireflection coating on the air–silicon surface.
This aspect is beneficial but represents an indirect side aspect.


Importantly, the two approaches, the graded-index structure and
the freeform surface, deliver comparable performance under nor-
mal incidence of light, thus providing an experimental proof of
principle.


Next, we discuss theoretically the behavior of the different
invisibility structures for oblique incidence of light. For these cal-
culations, we have implemented a home-built ray-tracing software
program including (multiple) angle-dependent Fresnel reflections
at all involved interfaces averaged over the polarization of light.
We also average over different incident positions of the light rays.
However, to separate the direct effects of guiding the light around
the contact and the indirect effects due to changes in effective
reflectivity, we neglect any partial reflection in the calculations
shown in Fig. 4, corresponding to fictitious ideal antireflection
coatings at all interfaces. In this fashion, the discussion becomes
universal and independent from device and material specifics.


As an example, we consider a periodic arrangement of contact
fingers with width w � R1∕0.6 and with 10% areal filling frac-
tion on the solar cell in Fig. 4(a). The two free parameters for the
freeform structure, i.e., y�0�∕R1 � 1 and R2∕w � 5, have been
chosen according to an optimization regarding angle dependence
(see Supplement 1). Figure 4(a) shows that all invisibility struc-
tures perform well for incidence angles below 20°, and that the
freeform surface fully recovers the 10% shadowing effect even for
higher incidence angles. This means that, for example, an initial
overall solar cell efficiency of 20% would increase to 22%. When
additionally accounting for partial reflections (see Supplement 1)
the improvement is even larger, but the precise value depends on
the substrate refractive index and on what structure one references
the performance to. Interestingly, replacing the full material
(n � 1.5) in the forbidden region of the graded-index structure
by air drastically improves the performance of the graded-index


Fig. 3. Electron micrographs of fabricated polymer structures (left)
and measured detector signals with metal contact, with (red curve) and
without (blue curve) invisibility structure on top (right). The detector
signal, I , is normalized to the value far away from the contact, I 0.
(a) Graded-index structure following Fig. 1(b). (b) Freeform surface fol-
lowing Fig. 2, with y�0� � 12 μm, R1 � 12 μm, and R2 � 100 μm.
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structure for more oblique angles. This can be explained by total
internal reflection of rays that hit the air core, hindering them
from entering the forbidden region.


Figure 4(b) presents the average of the relative improvement
over the calendar year for the freeform surface with varying
contact areal filling fraction. The calculation is carried out for
global radiation under Karlsruhe conditions (see Supplement 1).
For filling fractions up to 20%, a complete elimination of the con-
tact shadowing effect can be observed. Thus, with a freeform invis-
ibility structure, one could reduce the Ohmic losses in the
contact grid by drastically increasing its density without adding op-
tical losses.


In conclusion, we have designed different practical invisible
contacts on solar cells by coordinate transformations. We have
shown that transformed freeform polymer surfaces provide com-
plete remedy of the shadowing problem. Potentially, these struc-
tures can even be mass-manufactured. It is also easier for these
structures to obtain operation throughout the entire visible spec-
trum. The concept is also applicable to encapsulated solar cells
(see Supplement 1) and can be transferred to other optoelectronic
devices where efficient coupling to light at minimum electric
losses is crucial, e.g., light-emitting diodes or optical detectors.
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A customizable class of colloidal-quantum-dot spasers
and plasmonic amplifiers
Stephan J. P. Kress,1* Jian Cui,1* Patrik Rohner,2 David K. Kim,1 Felipe V. Antolinez,1


Karl-Augustin Zaininger,1 Sriharsha V. Jayanti,1 Patrizia Richner,2 Kevin M. McPeak,1


Dimos Poulikakos,2 David J. Norris1†


Colloidal quantum dots are robust, efficient, and tunable emitters now used in lighting, displays, and lasers.
Consequently, when the spaser—a laser-like source of high-intensity, narrow-band surface plasmons—was first
proposed, quantum dots were specified as the ideal plasmonic gain medium for overcoming the significant
intrinsic losses of plasmons. Many subsequent spasers, however, have required a single material to simultaneously
provide gain and define the plasmonic cavity, a design unable to accommodate quantum dots and other colloidal
nanomaterials. In addition, these and other designs have been ill suited for integration with other elements in a
larger plasmonic circuit, limiting their use. We develop a more open architecture that decouples the gain medium
from the cavity, leading to a versatile class of quantum dot–based spasers that allow controlled generation,
extraction, and manipulation of plasmons. We first create aberration-corrected plasmonic cavities with high quality
factors at desired locations on an ultrasmooth silver substrate. We then incorporate quantum dots into these cavities
via electrohydrodynamic printing or drop-casting. Photoexcitation under ambient conditions generates mono-
chromatic plasmons (0.65-nm linewidth at 630 nm, Q ~ 1000) above threshold. This signal is extracted, directed
through an integrated amplifier, and focused at a nearby nanoscale tip, generating intense electromagnetic fields.
More generally, our device platform can be straightforwardly deployed at different wavelengths, size scales, and
geometries on large-area plasmonic chips for fundamental studies and applications.
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INTRODUCTION
Plasmons are surface-bound electromagnetic waves that propagate
alongmetal interfaces (1). If theirmotion is confined in a cavity between
two plasmonic reflectors, only standing waves (or modes) at specific
wavelengths are permitted. By adding a gain medium that provides
energy at these wavelengths, plasmonic losses can be compensated
(2). Specifically, propagating plasmons can stimulate the emission of
additional plasmons, introducing amplification.When the gain exceeds
losses for a specific cavity mode, the plasmonic analog of a laser, or
spaser, results. An intense narrowband plasmonic signal is produced
that can then be extracted for use. For example, by routing this signal
toward a sharp tip, monochromatic plasmons can be concentrated in
nanoscale volumes for enhancing light-matter interactions.


In the original spaser proposal (3, 4), both the generation and
concentration of plasmons occurred within the same nanoscale cavity—
a metallic particle coated with colloidal quantum dots. Quantum dots
(5) were specified for gain because of their high emission quantum yields
(often >90%), large transition dipole moments, good photostability, and
ability to be packed densely without suffering the self-quenching effects
observed in dyes. These properties, in addition to their spectral tunability
and solution processability, have made quantum dots attractive emitters
for applications in lighting (6–10), displays (11), and lasers (12–15).
However, although the proposed metallic nanoparticle spaser can po-
tentially provide intense local fields, it requires extremely high gain (16)
and does not produce propagating plasmons. Thus, many efforts have
aimed to directly amplifying plasmons propagatingwithin larger devices
that exhibit lower losses (17–20). Plasmon-enhanced lasers have also
been investigated (21, 22).

The previous spaser work has followed two general approaches.
Top-down nanofabrication has been used to define a semiconductor
region that is encased in metal (20, 23), a design that so far has not
permitted easy extraction of the cavity plasmons. Alternatively, bottom-
up methods have been used to place single-crystalline semiconductor
nanowires (17, 19) or nanoflakes (18) on a dielectric-coated metal
surface. The volume between the metal, the nanostructure, and its
end facets define the plasmonic cavity. However, this approach,
which exploits the high gain of single-crystalline semiconductors
to overcome the modest reflectivity at their facets, has not been
amenable to a broader class of useful colloidal nanomaterials. Notably,
colloidal-quantum-dot spasers have not been realized despite the long
use of these materials in lasers (12–15). In addition, because the
nanowires or nanoflakes are randomly positioned on a surface, they
are difficult to integrate with other elements on a chip.


To address these issues, we have applied a hybrid strategy in which
we separately engineer the plasmonic cavity and the gain medium. We
first optimized the cavity by defining and positioning reflectors for
propagating plasmons on a metal surface via lithography. In addition
to high reflectivity and placement accuracy, this results in an open and
adaptable cavity design that allows quantum dots (or another colloidal
nanomaterial) to be easily added for gain. Our strategy also focused on
the versatility of the structure while compromising on its dimensions.
When extreme confinement of the generated plasmons is desired,
our spaser signal can be concentrated outside the cavity through
an additional integrated element, as shown below.

RESULTS
Device fabrication and optical characterization
Our cavities consist of two 400- to 600-nm-tall Ag block reflectors
protruding from an ultrasmooth Ag surface (Fig. 1A). These blocks
provide the in-plane plasmon reflectivity (>90%) (24, 25) necessary
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to obtain high quality factor (Q) cavities. To produce these structures,
we first created the inverse of the desired pattern on a [100]-oriented
Si wafer with electron beam lithography and reactive ion etching. After
thermal evaporation of Ag (26) onto the Si template, we peeled off
the Ag film with epoxy via template stripping (27). By reusing the
Si template, many copies of the same chip could be obtained. We then
placedCdSe/CdS/ZnS core/shell/shell quantumdots (25, 28, 29) directly
onto theplanarAg surfacebetween the reflectors using electrohydrodynamic
NanoDrip printing (Fig. 1B) (30, 31).With the combined capabilities of
electron beam lithography and NanoDrip printing, devices can be
designed and positioned at will (Fig. 1C).


In conventional laser cavities, stable modes are supported between
aberration-corrected concavemirrors (32). Analogously, our plasmonic
reflectors were designed with a parabolic correction to produce cavities
with stable, well-defined plasmonic modes (see sections S1 to S3). We
focused on cavities with reflectors 10 mm apart with a radius of curvature
at their apex twice their spacing (R = 2L cavity). The spatial profile of the
resulting mode, calculated using a simple ray-tracing and reflection
algorithm, is highlighted in red in Fig. 2A.


To spectrally characterize the modes of our cavities when empty, we
printed ~100 quantum dots at their center. Photoexcitation of the
quantum dots launches plasmons into cavity modes (31). Some of
these plasmons scatter into photons at the outer edge of the block
reflector. Thus, by measuring the far-field scattering spectrum, the
cavity modes within the quantum dot emission bandwidth can be
revealed. Figure 2B compares the measured (red curve) and predicted
(gray curve) modes for a 10-mm cavity (see section S4). The slight offset
between the two is consistent with a slightly smaller experimental cavity
(9.965 mm). Themeasured linewidths were typically 3 nm (9meV). For
a perfect structure, we predicted linewidths of 2.2 nm (6.8 meV) when
we included the finite reflectivity of the blocks and the measured
permittivity for our Ag.


Spatially, calculations suggest that these modes have a ~1-mm beam
waist (Fig. 2A) and are confinedwithin~100 nmof the surfacewhen the
quantumdot layer is present (see figs. S1 and S2). Thus, to ensure spatial
overlap andmaximize gain for spasing, we printed quantum dot stripes

Kress et al., Sci. Adv. 2017;3 : e1700688 22 September 2017

that were 2 mmwide and at least 100 nm thick (Fig. 2D and fig. S3).We
emphasize that the smallest dimension of the device, the thickness of the
gain layer, necessitates the use of surface plasmons confined below the
diffraction limit of light for adequate overlap. Low-intensity photoexcitation
then yielded cavity spectra as in Fig. 2C. Because of losses from the
quantum dots, particularly absorption, the modes broaden and only
ripples appear on the long-wavelength side. The spectralmode separation
also decreases due to the higher refractive index n in the cavity because
of the quantum dot layer (Fig. 2C, gray curve).


Characterization of spasing
Under pulsed excitation, the cavity spectra change significantly with
increasing power density. At 130 mJ/cm2 (Fig. 2E), a small feature
appears near the middle of the spectrum at a plasmonic mode position.
At 250 mJ/cm2 (Fig. 2F), this feature becomes much sharper and more
intense. The insets in Fig. 2 (E and F) show real-space images (false
color) of the same cavities. At 250 mJ/cm2, photon emission from the
cavity center greatly decreases, whereas scattering from the reflectors
increases. These changes in both the spectral and spatial distribution
of scattered plasmons with increasing excitation are consistent with
stimulated emission and amplification of plasmons into a single mode
defined by the cavity, that is, the onset of spasing.


Quantum dots allow the wavelength of this effect to be easily tuned
(Fig. 3A). We fabricated devices with 602-, 625-, and 633-nm-emitting
quantum dots. Some devices (see 633 in Fig. 3A) exhibited single-mode
operation with typical linewidths of 2 meV, or 0.65 nm, indicating a Q
approaching 1000 (Fig. 3B). Other devices (see 602 and 625 in Fig. 3A)
showedmultiple modes that changed in relative intensity with increasing
excitation. Such mode competition, common in lasers (32), should also
occur in spasers (33).


Figure 3C shows the output power spectrally integrated over the
peak of the single-mode 633 device as a function of excitation power
(red). A noticeable inflection occurs at ~180 mJ/cm2, with a concurrent
decrease in spectral linewidth (blue) that corresponds to the spasing
threshold. (Other devices had values down to 100 mJ/cm2.) This is
somewhat surprising given that the best quantum dot lasers, which

ril 22, 2019

1 µm


2 µm


A


C


B


10 µm


Fig. 1. Structure of colloidal quantum dot spaser. (A) Top-view electron micrograph of a plasmonic cavity: Two ~600-nm-tall Ag block reflectors positioned 10 mm
apart on an ultrasmooth Ag surface. The blocks can be designed and placed at will. Plasmons propagate between the reflectors to create a cavity. (B) Tilted view of a
functional device. NanoDrip printing is used to deposit a stripe (~100 nm thick and ~2 mm wide) of colloidal quantum dots between the reflectors. (C) Tilted view of a
square array of nine plasmonic cavities (50 mm apart). The three cavities in the right column are empty. The rest contain a quantum dot stripe, as in (B).
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should have lower losses, exhibit comparable values (14). Although
this certainly attests to the quality of our devices, other factors must
be involved. Thresholds can be reduced in spasers due to the Purcell
enhancement of the quantum dot emission rate and high coupling of
this emission to the cavity mode. An estimate of the threshold based
on experimental parameters (34) gives good agreementwithmeasured
values (see sections S6 to S9 and figs. S4 and S5 for further discussion).


Green-emitting quantum dots did not exhibit spasing, presumably
due to increased plasmonic losses at shorter wavelengths. However, at
very high excitation intensities (~1000 mJ/cm2), new spectral features
appeared for our red-emitting quantum dots (Fig. 3D). Under these
conditions, higher-energy multiexcitons (emitting around 590 nm)
are generated in the quantum dots, providing sufficient gain (35) for
spasing at shorter wavelengths (578 nm). Moreover, a progression of
spasing modes was observed with spacings in agreement with calcula-
tions assuming n = 1.60 for the quantum dot film (Fig. 3D, dotted
curve). Although this refractive index is smaller than that measured
via ellipsometry (1.75), these high exciton populations can significantly

Kress et al., Sci. Adv. 2017;3 : e1700688 22 September 2017

decrease n (36). A lower n also agrees with observed blue shifts in the
spasing modes with increased excitation.


Extracting the spaser signal from the cavity for on-chip use
Having demonstrated spasing, we now extract this signal for potential
on-chip use. Our device architecture allows for straightforward integration
of a plasmonicwaveguide simply by extending the reflector.Moreover, as
the plasmons propagate out of the cavity along thewaveguide, they canbe
focused to the nanoscale by tapering (37). Figure 4A shows a cavity in
which one reflector has been extended ~35 mm and narrowed to a tip.
Figure 4B presents the same device operating above threshold. The
contrast has been enhanced (104) in the right-hand portion of the image
to resolve plasmons that are guided and focused. The cavity spectrum
(Fig. 4C)matches that of plasmons scattered at the tip (Fig. 4D). Thus,
the spaser signal is extracted, guided, and focused, butwith diminished
intensity due to modest outcoupling and propagation losses.


The tip signal can be further enhanced if the spaser is combinedwith
a plasmonic amplifier. Although this could be achieved by printing
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Fig. 2. Design and characterization of plasmonic cavities containing quantum dots. (A) The plasmonic reflectors are designed with a radius of curvature twice the
cavity length (R = 2L cavity) and include a parabolic correction. Plasmons emitted into the cavity are spatially confined in a stable cavity mode, depicted in red. (B) When
~100 quantum dots are placed in the cavity and weakly photoexcited, they emit into plasmonic cavity modes. The experimental cavity spectrum, measured by detecting
plasmons scattered into the far field at the outer edge of one of the reflectors, is shown in red. The calculated spectra of the stable plasmonic cavity modes are in gray (see
sections S4 and S5). The slight offset is due to a slightly smaller experimental cavity length (9.965 mm). (C) When a cavity filled with quantum dots as in (D) is weakly
photoexcited, modes appear as ripples in the cavity spectrum [collected as in (B)] only at longer wavelengths due to losses from the quantum dot film. Calculated modes
(neglecting quantum dot absorption) are in gray. a.u., arbitrary units. (D) Top-view electron micrograph of the cavity for comparison with (A). The quantum dot stripe is printed
to maximize spatial overlap with the cavity mode. (E) Under pulsed excitation (130 mJ/cm2), a small feature rises on top of the cavity spectrum at the position of a calculated
plasmonic mode. Right inset: Real-space image (false color) of the emission from the quantum dot stripe. The two bright spots are due to scattering off the reflectors. (F) At
higher excitation (250 mJ/cm2), the small peak in (E) narrows and increases in intensity. Right inset: Real-space image as in (E). The device exhibits decreased emission within
the stripe and increased signal at the reflectors. The changes in the spectra and images in (E) and (F) are indicative of the onset of spasing. Cartoons in (B) and (D) to (F) depict
the optical excitation and collection processes.
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quantum dots on the waveguide, we took advantage of the solution
processability of colloidal nanomaterials and developed a simple
drop-casting method that conformally coats our entire chip with a
~150-nm-thick film of quantum dots. Figure 4 (E and F) shows this
approach applied to an extended reflector cavity (14° taper). Below
threshold (Fig. 4E), broadband emission is observed that is fairly
uniform with some guiding and focusing of plasmons at the tip. Above
threshold (Fig. 4F), the spatial intensity distribution completely
changes. The output of the spaser is amplified as it travels toward the
tip, leading to highly concentrated plasmons (37). The emission from
the tip in Fig. 4H with amplification is more than 103 times stronger
than that in Fig. 4D without amplification. When comparing the
spectrum from the cavity (Fig. 4G) with that from the tip (Fig. 4H),
we observe the samemodes. However, at the tip, spontaneous emission

Kress et al., Sci. Adv. 2017;3 : e1700688 22 September 2017

is diminished and a single spaser mode is selectively amplified. At higher
excitation intensities, unwanted amplified spontaneous emission can
occur from the amplifier alone (see fig. S6). However, this leads to many
finely spaced features, unrelated to the cavity modes, in the tip spectrum.

DISCUSSION
Our devices represent the intersection of several key advances in
nanofabrication. High-quality plasmonic resonators arose from
improvements in our ability (i) to deposit Ag films with superior
dielectric properties and (ii) to sculpt high aspect ratio structures
of arbitrary geometries from these films. Analogously, the progression
of colloidal quantum dot synthesis has led to increasingly compact,
bright, and photostable emitters for high gain. Finally, these advanced
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Fig. 3. Analysis of quantum dot spasers. (A) Quantum dot samples with emission centered at 602, 625, and 633 nm were used to fabricate spasers. Cavity spectra for
each are plotted for three excitation intensities, one below and two above threshold. (B) The 633 device from (A) exhibited a single spasing mode above threshold (red
curve). Typical linewidths were 2 meV (0.65 nm, Q ~ 1000). The broad photoluminescence spectrum from quantum dots on flat Ag (outside the cavity) is shown for
comparison (gray curve). (C) The input-output power plot of the 633 device (red points) reveals an inflection at ~180 mJ/cm2. Spasing thresholds as low as ~100 mJ/cm2


were observed. The spectral full-width at half-maximum (blue points) decreases dramatically at the same inflection point, consistent with the onset of spasing. (D) When the
633 device is excited at very high intensities (~1000 mJ/cm2), a progression of spasing modes is observed. These occur within the gain envelopes of the exciton/
biexciton (X/BX) centered at ~640 nm and the multiexcitons (MX) centered at ~590 nm. The ~160-meV spacing between the envelopes is consistent with previous
measurements (35). The broad quantum dot spectrum (solid gray curve) from (B) and the expected plasmonic modes for a film with n = 1.60 (dashed gray curve) are
shown for comparison.
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materials were unified to create a device framework via developments in
both micro- and macroscale deposition of colloidal nanoparticles.


Here, we have focused on demonstrating the versatility and potential
of our spaser platform by characterizing a small subset of its vast design
space. This space can be readily explored and characterized given the
ease of fabrication—a single template-stripped substrate followed by
drop-casting creates a chip containingmany arrays of devices. Our spasers
operated under air at room temperature with near-unity yield (108 of 112,
or 96% of ourmeasured drop-casted devices showed spasing). In addition,
the size of these devices can be modified. Preliminary explorations of
different cavity designs have shown that quantum dot spasers with
cavity lengths down to at least 2 mm can be obtained.


The open-cavity nature of our platformpermits access to the spasing
modes within the cavity. This allows for direct measurements of these
modes, for example, by using near-field techniques, for studying plasmonic
cavity physics. One application where this open-cavity feature could be
particularly useful is in plasmonic sensing. The figure ofmerit for plasmonic
sensing is inversely proportional to the spectral linewidth of the surface
plasmon signal. Because our spasers generate plasmons of very narrow
linewidth (Q ~ 1000), they are good candidates for refractive index
sensing. Moreover, due to several decades of research, the surface
functionalization of colloidal quantum dots is quite advanced. This

Kress et al., Sci. Adv. 2017;3 : e1700688 22 September 2017

can be combined with the open-cavity design to enable targeting
of specific analytes. Consequently, the quantumdot spaser can conceivably
provide a route to high-sensitivity and high-specificity sensors.


Although we have presented individual functional units consisting
of a spaser, amplifier, and waveguide, many such units can be linked to
build an integrated circuit. Going beyond block reflectors, elements
such as plasmonic antennas and gratings could be implemented within
the current scheme. Quantumdots (or other gainmedia such as organic-
inorganic perovskites and rare earth–doped oxides) can then be deposited
whereneeded for spasingand signal amplification.The flexibility andbroad
applicability of this framework may enable the practical implementation
of spasers for future integrated plasmonic applications.

MATERIALS AND METHODS
Plasmonic cavity fabrication
Si(001) wafers (50.8 mm diameter) with a native oxide layer were
used as the template. After a prebake step (180°C for 10 min), ~280 nm
of an electron beam resist (Allresist, CSAR 62AR-P 6200) was spin-cast
onto each wafer (2000 rpm for 60 s). This was followed by a postbake
step (150°C for 5 min). The resist was exposed using an electron beam
lithography system (Vistec, EBPG5200; acceleration voltage, 100 kV;
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Fig. 4. Extraction, amplification, and focusing of plasmons generated by quantum dot spasers. (A) Top-view electron micrograph of a spaser with a printed
quantum dot stripe and an elongated reflector (11.5° taper) to guide and nanofocus the spaser signal. (B) Real-space image (false color) of the device in (A) above
threshold. The contrast of the image to the right of the vertical dashed line is enhanced (104) to show the plasmons focused at the tip. (C and D) Spectra measured by
collecting plasmons scattered at the outer reflector edge (C) and the tip (D) confirm that the spasing signal is guided and focused. (E and F) Real-space images (false
color) of a cavity with an elongated reflector (14° taper) coated with a ~150-nm-thick drop-casted quantum dot film, excited below and above threshold, respectively.
The intensity of (E), which is multiplied by 3, is fairly uniform across the device with some broadband focusing at the tip. In (F), plasmons generated by the cavity are
amplified and focused at the tip. (G and H) Spectra measured by collecting plasmons scattered at the inner reflector edge (G) and the tip (H) confirm that a single
spasing mode is selectively guided, amplified, and focused. The signal in (H) (with amplification) is 1800 times greater than that in (D) (without amplification).
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aperture size, 300 mm; and base dose, 290 mC/cm2). After exposure, the
resist was developed (Allresist, AR 600-546), and the Si was etched using
an inductively coupled plasma deep reactive ion etch (Oxford, Plasmalab
System 100, HBr, 40 sccm, 80 W radio frequency). Afterward, the
remaining resist was removed using oxygen plasma (100 W, 5 min)
and exposure to N-methyl-2-pyrrolidone (>60 min at 130°C; Sigma-
Aldrich). After a rinse with isopropanol, the Si templates were loaded
into a thermal evaporator (Kurt J. Lesker, NANO 36) containing a
homebuilt rotating sample holder tilted 30° from horizontal. About
1 mm of Ag (Kurt J. Lesker, 99.99%) was deposited at 50 Å/s under a
chamber gas pressure of <10−7 torrwhile the sample rotated at ~60 rpm.
After evaporation, the plasmonic cavities were manually template-
stripped from the Si using a glassmicroscope slide bonded to the surface
with an ultraviolet light-curable epoxy (Epoxy Technology, OG142-95)
(25, 27). The direction of template stripping was chosen to minimize
structural defects at the reflector walls.


Quantum dot synthesis
Core/shell/shell CdSe/CdS/ZnS colloidal quantum dots were synthesized
according to previously published recipes (25). Their color was tuned by
using smaller CdSe cores while adjusting the shells accordingly.


Localized quantum dot printing
Quantum dots were transferred from hexane to tetradecane through
selective evaporation. The concentration was adjusted to an absorbance
of 0.5 at the lowest energy exciton absorption feature for a 1-mm path
length. These inks were further diluted 1:3, 1:2, and 1:5 in tetradecane
for the 602-, 625-, and 633-nm-emitting quantum dots, respectively. A
description of the electrohydrodynamic NanoDrip printing setup can
be found elsewhere (30). In addition, a 50× objective [Edmund Optics,
Plan Apo ULWD; numerical aperture (NA), 0.42; working distance,
20.5 mm] was mounted at an angle of 45° for live inspection. Printing
nozzles were fabricated by pulling glass capillaries (TW100-4, World
Precision Instruments) using a Sutter Instruments P-97 pipette puller.
Thesewere then coated (electron beam evaporation, Plassys,MEB550S)
with a 10-nm titanium adhesion layer and a 100-nm layer of gold. The
outer diameter of the nozzles was in the range of 1800 to 2000 nm. A dc
electric potential of ~250 V was applied between the nozzle (+) and the
template-stripped silver substrate (ground). The separation between the
nozzle tip and the substrate was 5 mm. The 10-mm-long, 2-mm-wide,
and ~100- to 400-nm-thick quantum dot stripes (for example, see
Fig. 2C) were deposited by moving the substrate with a velocity of
6 mm/s in a serpentine-like and layer-by-layer fashion with a line
pitch of 160 nm. Seven to 16 layers were added to obtain the desired
thicknesses. Atomic force microscope (AFM) topographical images
(see fig. S3) were measured in tapping mode with a Bruker Dimension
FastScan AFM with a TESPA-V2 tip (8-nm tip radius).


Optical characterization: Optical pumping, imaging,
and spectroscopy
Forweak optical excitation (Fig. 2, B andD), awhite-light light-emitting
diode (Lumencor, SOLA SE II Light Engine) was used in conjunction
with a dichroic beam splitter (488-nm long pass, AHF analysentechnik).
The remaining images and spectra were obtained using a pulsed source.
Pulses (450 nm; pulse duration, ~340 fs; repetition rate, 1 KHz) were
generated by a collinear optical parametric amplifier (Spectra-Physics,
Spirit-OPA) pumped by a 1040-nm pump laser (Spectra-Physics, Spirit-
1040-8). After spectral filtering, the beamwas directed through a gradient
neutral density filter wheel to adjust the pulse power (Thorlabs, NDC-
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50C-2M-B). After beam expansion and collimation, a small portion
of the beam was directed to a photodiode to monitor the pump power
(Thorlabs, DET110). The remainder of the beam was passed through a
defocusing lens (focal length of 150 mm) into an inverted microscope
(Nikon, Eclipse Ti-U). The beamwas then directed upward to the sample
using a dichroic beam splitter (488-nm long pass, AHF analysentechnik)
through a 50× air objective (Nikon, TU Plan Fluor, 0.8 NA).


The defocusing lenswas adjusted to provide a spot size of 60 to 70mm.
The spot size was determined from an image of the photoluminescence
from a flat portion of a film of quantum dots. A cross-section of the spot
was then fittedwith the sumof twoGaussian functions, and the full-width
at half-maximum was determined numerically. The excitation power
density at the sample was monitored by correlating the power meter
reading above the objective at the sample plane (Thorlabs, S170C with
PM100D) with the electrical current reading from the photodiode.


Emission from the sample was collected by the same objective and
directed through the dichroic beam splitter, emission filter (500-nm long
pass, AHF analysentechnik) and relay lenses (focal length of 200 mm)
into an imaging spectrometer (Andor, Shamrock 303i). The emission
was dispersed with a grating of 300 lines/mm (500-nm blaze) and im-
aged with an air-cooled electron-multiplying charged-coupled device
camera (Andor, iXon 888Ultra). Real-space imageswere obtained using
the zero-order mode of the same grating.


Large-area quantum dot drop-casting
Template-stripped plasmonic cavities were cooled to 5°C on a copper
block partially submerged in a solvent bath containing benzene and dry
ice inside ahomebuilt gloveboxpurgedwithdryN2 gas. Twentymicroliters
of a dispersion of quantum dots with an absorbance of 0.92 at the lowest
energy exciton absorption feature for a 1-mm path length was used for
drop-casting. Samples were allowed to dry on top of the block before
warming up to room temperature within the glovebox.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/9/e1700688/DC1
section S1. Computation of mode stability
section S2. Beam waist calculation and ray tracing
section S3. Cavity design
section S4. Plasmonic Fabry-Perot calculation for cavities
section S5. Calculation of propagating modes in silver/quantum dot/air stack
section S6. Optical characterization: Lifetime measurements
section S7. Spasing thresholds
section S8. Modal gain, plasmonic loss, and quantum dot material gain
section S9. Estimation of spasing threshold
table S1. Parameters for threshold calculation.
fig. S1. Calculated electric field profiles.
fig. S2. Calculated effective indices for plasmonic and photonic modes.
fig. S3. AFM topographic image of a printed quantum dot stripe.
fig. S4. Lifetime measurements.
fig. S5. Measuring amplifier gain.
fig. S6. Amplified spontaneous emission at high excitation intensity.
References (38–40)

REFERENCES AND NOTES
1. S. A. Maier, Plasmonics: Fundamentals and Applications (Springer Science, 2007).
2. P. Berini, I. De Leon, Surface plasmon–polariton amplifiers and lasers. Nat. Photonics 6,


16–24 (2012).
3. M. I. Stockman, Spasers explained. Nat. Photonics 2, 327–329 (2008).
4. D. J. Bergman, M. I. Stockman, Surface plasmon amplification by stimulated emission of


radiation: Quantum generation of coherent surface plasmons in nanosystems. Phys. Rev.
Lett. 90, 027402 (2003).

6 of 7



http://advances.sciencemag.org/cgi/content/full/3/9/e1700688/DC1

http://advances.sciencemag.org/cgi/content/full/3/9/e1700688/DC1

http://advances.sciencemag.org/





SC I ENCE ADVANCES | R E S EARCH ART I C L E


 on A
pril 22, 2019


http://advances.sciencem
ag.org/


D
ow


nloaded from
 


5. V. I. Klimov, Nanocrystal Quantum Dots (CRC Press, ed. 2, 2010).
6. V. L. Colvin, M. C. Schlamp, A. P. Alivisatos, Light-emitting diodes made from cadmium


selenide nanocrystals and a semiconducting polymer. Nature 370, 354–357 (1994).
7. P. O. Anikeeva, J. E. Halpert, M. G. Bawendi, V. Bulović, Quantum dot light-emitting


devices with electroluminescence tunable over the entire visible spectrum. Nano Lett. 9,
2532–2536 (2009).


8. L. Qian, Y. Zheng, J. Xue, P. H. Holloway, Stable and efficient quantum-dot light-emitting
diodes based on solution-processed multilayer structures. Nat. Photonics 5, 543–548
(2011).


9. Y. Shirasaki, G. J. Supran, M. G. Bawendi, V. Bulović, Emergence of colloidal quantum-dot
light-emitting technologies. Nat. Photonics 7, 13–23 (2013).


10. X. Dai, Z. Zhang, Y. Jin, Y. Niu, H. Cao, X. Liang, L. Chen, J. Wang, X. Peng, Solution-
processed, high-performance light-emitting diodes based on quantum dots. Nature 515,
96–99 (2014).


11. T.-H. Kim, K.-S. Cho, E. K. Lee, S. J. Lee, J. Chae, J. W. Kim, D. H. Kim, J.-Y. Kwon,
G. Amaratunga, S. Y. Lee, B. L. Choi, Y. Kuk, J. M. Kim, K. Kim, Full-colour quantum dot
displays fabricated by transfer printing. Nat. Photonics 5, 176–182 (2011).


12. V. I. Klimov, A. A. Mikhailovsky, S. Xu, A. Malko, J. A. Hollingsworth, C. A. Leatherdale,
H.-J. Eisler, M. G. Bawendi, Optical gain and stimulated emission in nanocrystal quantum
dots. Science 290, 314–317 (2000).


13. V. I. Klimov, S. A. Ivanov, J. Nanda, M. Achermann, I. Bezel, J. A. McGuire, A. Piryatinski,
Single-exciton optical gain in semiconductor nanocrystals. Nature 447, 441–446 (2007).


14. C. Dang, J. Lee, C. Breen, J. S. Steckel, S. Coe-Sullivan, A. Nurmikko, Red, green and blue
lasing enabled by single-exciton gain in colloidal quantum dot films. Nat. Nanotechnol. 7,
335–339 (2012).


15. A. Nurmikko, What future for quantum dot-based light emitters? Nat. Nanotechnol. 10,
1001–1004 (2015).


16. J. B. Khurgin, How to deal with the loss in plasmonics and metamaterials. Nat. Nanotechnol.
10, 2–6 (2015).


17. R. F. Oulton, V. J. Sorger, T. Zentgraf, R.-M. Ma, C. Gladden, L. Dai, G. Bartal, X. Zhang,
Plasmon lasers at deep subwavelength scale. Nature 461, 629–632 (2009).


18. R.-M. Ma, R. F. Oulton, V. J. Sorger, G. Bartal, X. Zhang, Room-temperature sub-diffraction-
limited plasmon laser by total internal reflection. Nat. Mater. 10, 110–113 (2011).


19. Y. J. Lu, J. Kim, H.-Y. Chen, C. Wu, N. Dabidian, C. E. Sanders, C.-Y. Wang, M.-Y. Lu, B.-H. Li,
X. Qiu, W.-H. Chang, L.-J. Chen, G. Shvets, C.-K. Shih, S. Gwo, Plasmonic nanolaser using
epitaxially grown silver film. Science 337, 450–453 (2012).


20. M. T. Hill, M. Marell, E. S. P. Leong, B. Smalbrugge, Y. Zhu, M. Sun, P. J. van Veldhoven,
E. J. Geluk, F. Karouta, Y.-S. Oei, R. Nötzel, C.-Z. Ning, M. K. Smit, Lasing in metal-insulator-
metal sub-wavelength plasmonic waveguides. Opt. Express 17, 11107–11112 (2009).


21. W. Zhou, M. Dridi, J. Y. Suh, C. H. Kim, D. T. Co, M. R. Wasielewski, G. C. Schatz, T. W. Odom,
Lasing action in strongly coupled plasmonic nanocavity arrays. Nat. Nanotechnol. 8,
506–511 (2013).


22. T. K. Hakala, H. T. Rekola, A. I. Väkeväinen, J.-P. Martikainen, M. Nečada, A. J. Moilanen,
P. Törmä, Lasing in dark and bright modes of a finite-sized plasmonic lattice.
Nat. Commun. 8, 13687 (2017).


23. M. Khajavikhan, A. Simic, M. Katz, J. H. Lee, B. Slutsky, A. Mizrahi, V. Lomakin, Y. Fainman,
Thresholdless nanoscale coaxial lasers. Nature 482, 204–207 (2012).


24. G. Brucoli, L. Martin-Moreno, Effect of defect depth on surface plasmon scattering by
subwavelength surface defects. Phys. Rev. B 83, 075433 (2011).


25. S. J. P. Kress, F. V. Antolinez, P. Richner, S. V. Jayanti, D. K. Kim, F. Prins, A. Riedinger,
M. P. C. Fischer, S. Meyer, K. M. McPeak, D. Poulikakos, D. J. Norris, Wedge waveguides
and resonators for quantum plasmonics. Nano Lett. 15, 6267–6275 (2015).


26. K. M. McPeak, S. V. Jayanti, S. J. P. Kress, S. Meyer, S. Iotti, A. Rossinelli, D. J. Norris,
Plasmonic films can easily be better: Rules and recipes. ACS Photonics 2, 326–333 (2015).


27. P. Nagpal, N. C. Lindquist, S.-H. Oh, D. J. Norris, Ultrasmooth patterned metals for
plasmonics and metamaterials. Science 325, 594–597 (2009).


28. O. Chen, J. Zhao, V. P. Chauhan, J. Cui, C. Wong, D. K. Harris, H. Wei, H.-S. Han,
D. Fukumura, R. K. Jain, M. G. Bawendi, Compact high-quality CdSe–CdS core–shell

Kress et al., Sci. Adv. 2017;3 : e1700688 22 September 2017

nanocrystals with narrow emission linewidths and suppressed blinking. Nat. Mater. 12,
445–451 (2013).


29. K. Boldt, N. Kirkwood, G. A. Beane, P. Mulvaney, Synthesis of highly luminescent and
photo-stable, graded shell CdSe/CdxZn1-xS nanoparticles by in situ alloying. Chem. Mater.
25, 4731–4738 (2013).


30. P. Galliker, J. Schneider, H. Eghlidi, S. Kress, V. Sandoghdar, D. Poulikakos, Direct printing
of nanostructures by electrostatic autofocussing of ink nanodroplets. Nat. Commun. 3,
890 (2012).


31. S. J. P. Kress, P. Richner, S. V. Jayanti, P. Galliker, D. K. Kim, D. Poulikakos, D. J. Norris,
Near-field light design with colloidal quantum dots for photonics and plasmonics.
Nano Lett. 14, 5827–5833 (2014).


32. A. E. Siegman, Lasers (University Science Books, 1986).
33. M. C. Gather, A rocky road to plasmonic lasers. Nat. Photonics 6, 708 (2012).
34. S.-L. Chua, B. Zhen, J. Lee, J. Bravo-Abad, O. Shapira, M. Soljačić, Modeling of threshold


and dynamics behavior of organic nanostructured lasers. J. Mater. Chem. C 2, 1463–1473
(2014).


35. B. Fisher, J.-M. Caruge, Y.-T. Chan, J. Halpert, M. G. Bawendi, Multiexciton fluorescence
from semiconductor nanocrystals. Chem. Phys. 318, 71–81 (2005).


36. F. Henneberger, Optical bistability at the absorption edge of semiconductors. Phys. Status
Solidi B 137, 371–432 (1986).


37. E. Verhagen, A. Polman, L. Kuipers, Nanofocusing in laterally tapered plasmonic
waveguides. Opt. Express 16, 45–57 (2008).


38. V. J. Sorger, R. F. Oulton, J. Yao, G. Bartal, X. Zhang, Plasmonic Fabry-Pérot nanocavity.
Nano Lett. 9, 3489–3493 (2009).


39. E. Verhagen, thesis, Utrecht University (2009).
40. M. M. Adachi, F. Fan, D. P. Sellan, S. Hoogland, O. Voznyy, A. J. Houtepen, K. D. Parrish,


P. Kanjanaboos, J. A. Malen, E. H. Sargent, Microsecond-sustained lasing from colloidal
quantum dot solids. Nat. Commun. 6, 8694 (2015).


Acknowledgments: We thank E. De Leo, S. Meyer, Y. Fedoryshyn, and U. Drechsler for
experimental assistance. Funding: We acknowledge funding from the European Research
Council (ERC) under the European Union’s Seventh Framework Program (FP/2007-2013)/ERC
grant agreement no. 339905 (QuaDoPS Advanced Grant) and from the Swiss National Science
Foundation under grant no. 146180. J.C. acknowledges funding from the ETH Zurich
Postdoctoral Fellowship Program and the Marie Curie Actions for People COFUND Program.
Author contributions: S.J.P.K., J.C., and D.J.N. conceived the ideas and planned the
experiments. S.J.P.K. designed and fabricated the resonators with assistance from J.C. and
K.M.M. D.K.K. synthesized the quantum dots. P. Rohner performed NanoDrip printing with
assistance from P. Richner and supervision from D.P. K.-A.Z. developed the drop-casting
method. J.C. performed optical measurements with assistance from S.J.P.K. and S.V.J. S.J.P.K.,
J.C., P. Rohner, and F.V.A. analyzed the data with guidance from D.J.N. S.J.P.K., J.C., and
D.J.N. wrote the manuscript with input from all authors. Competing interests: D.P. is involved
with a start-up company that is attempting to commercialize NanoDrip printing. D.J.N., S.J.P.K.,
J.C., P. Rohner, F.V.A., K.-A.Z., and S.V.J. are authors on a pending International Patent
Application through the European Patent Office (application no. PCT/EP 2017/064041, filed 8
June 2017). The authors declare no other competing interests. Data and materials
availability: All data needed to evaluate the conclusions in the paper are present in the paper
and/or the Supplementary Materials. Additional data related to this paper may be requested
from the authors.


Submitted 8 March 2017
Accepted 30 August 2017
Published 22 September 2017
10.1126/sciadv.1700688


Citation: S. J. P. Kress, J. Cui, P. Rohner, D. K. Kim, F. V. Antolinez, K.-A. Zaininger, S. V. Jayanti,
P. Richner, K. M. McPeak, D. Poulikakos, D. J. Norris, A customizable class of colloidal-quantum-
dot spasers and plasmonic amplifiers. Sci. Adv. 3, e1700688 (2017).

7 of 7



http://advances.sciencemag.org/





A customizable class of colloidal-quantum-dot spasers and plasmonic amplifiers


Patrizia Richner, Kevin M. McPeak, Dimos Poulikakos and David J. Norris
Stephan J. P. Kress, Jian Cui, Patrik Rohner, David K. Kim, Felipe V. Antolinez, Karl-Augustin Zaininger, Sriharsha V. Jayanti,


DOI: 10.1126/sciadv.1700688
 (9), e1700688.3Sci Adv 


ARTICLE TOOLS http://advances.sciencemag.org/content/3/9/e1700688


MATERIALS
SUPPLEMENTARY http://advances.sciencemag.org/content/suppl/2017/09/18/3.9.e1700688.DC1


REFERENCES


http://advances.sciencemag.org/content/3/9/e1700688#BIBL
This article cites 36 articles, 3 of which you can access for free


PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions


Terms of ServiceUse of this article is subject to the 


registered trademark of AAAS.
is aScience Advances Association for the Advancement of Science. No claim to original U.S. Government Works. The title 


York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive licensee American 
(ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 NewScience Advances 


 on A
pril 22, 2019


http://advances.sciencem
ag.org/


D
ow


nloaded from
 



http://advances.sciencemag.org/content/3/9/e1700688

http://advances.sciencemag.org/content/suppl/2017/09/18/3.9.e1700688.DC1

http://advances.sciencemag.org/content/3/9/e1700688#BIBL

http://www.sciencemag.org/help/reprints-and-permissions

http://www.sciencemag.org/about/terms-service

http://advances.sciencemag.org/






Articles
https://doi.org/10.1038/s41566-020-0590-4


1Department of Electrical Engineering, Columbia University, New York, NY, USA. 2Department of Mechanical Engineering, Columbia University, New York, 
NY, USA. 3Department of Materials Science and Engineering and Department of Physics, North Carolina State University, Raleigh, NC, USA. 4Department 
of Chemistry, Institute for Molecular Engineering, James Franck Institute, University of Chicago, Chicago, IL, USA. 5Department of Physics, Columbia 
University, New York, NY, USA. 6These authors contributed equally: Ipshita Datta, Sang Hoon Chae. ✉e-mail: ml3745@columbia.edu


Two dimensional (2D) materials such as graphene and transi-
tion metal dichalcogenides (TMDs) are promising for optical 
modulation, detection and light emission, because their mate-


rial properties can be tuned, on demand, via electrostatic doping1–20. 
So far, the optical properties of TMDs have been electrostatically 
tuned near their excitonic resonances, where the refractive index 
and absorption are modulated simultaneously; however, the optical 
absorption is prohibitively high for integrated photonics21–25. Here, 
we probe the electro-optic response of monolayer TMDs integrated 
on a silicon nitride (SiN) waveguide with enhanced light–mat-
ter interaction, at near-infrared (NIR) wavelengths. We dope the 
monolayer to carrier densities of (7.2 ± 0.8) × 1013 cm−2, by electri-
cally gating the TMD using an ionic liquid, [P14+] [FAP−]. We mea-
sure a large change in the real part of the refractive index, ∆n = 0.53, 
with only a minimal change in the imaginary part, ∆k = 0.004. We 
further demonstrate photonic devices based on an electrostatically 
gated SiN–WS2 phase modulator with a high efficiency (VπL) of 
0.8 V cm. These efficient phase modulators with high |∆n/∆k| and 
low propagation losses are critical for enabling large-scale pho-
tonic systems for applications such as light detection and ranging 
(LIDAR), phased arrays, optical switching, coherent optical com-
munication and quantum and optical neural networks26–28


.
To probe the doping-induced electro-optic response of TMDs, 


we utilized a SiN–TMD composite waveguide platform in which the 
optical mode of the composite waveguide is shared between the TMD 
monolayer and the dielectric SiN waveguide. These waveguides were 
then incorporated into photonic structures such as microring reso-
nators, which are sensitive to small changes in absorption and phase 
induced by electrostatic doping of the TMD monolayer. The silicon 
dioxide (SiO2)-clad SiN waveguides were fabricated using standard 
techniques, and then planarized to permit mechanical transfer of 
TMD layers and subsequent lithographic patterning to define Ti/Au 
contacts for gating (see Methods). We probed the response of these 


structures in the NIR region (λ ≈ 1,550 nm), far below the excitonic 
resonances of the TMDs (~620 nm for WS2; 660 nm for MoS2).


We first characterized the electro-optic response of monolayer 
WS2 by measuring the effect of gating on the response of a micror-
ing resonator cavity (1.3 µm-wide × 330 nm-high passive SiN wave-
guide clad with 100 nm SiO2, embedded in a ring of 60 µm radius), 
as depicted in Fig. 1a. Here, the high-Q (∼120,000) cavity is criti-
cally coupled to a SiN bus waveguide, such that the ring transmis-
sion spectrum is extremely sensitive to small changes in phase and 
absorption within the cavity. A 30 µm arc length of WS2 grown by 
metal–organic chemical vapour deposition (MOCVD)29 was pat-
terned onto the ring and electrically contacted (see Methods). We 
tuned the effective index of the optical mode by electrostatically 
doping the monolayer using an ionic liquid [P14+] [FAP−], chosen 
due to its stability to gating under atmospheric exposure at room 
temperature30. As shown in Fig. 1b, we applied a potential difference 
between the electrode connected to WS2 and a nearby counterelec-
trode, which resulted in the accumulation of ions at the surface of the 
WS2. We note that ionic liquid gated devices are dominated by the 
quantum capacitance (Cq)30, so no carriers are injected to the WS2 
within the bandgap region (~−1 to 1 V). The maximum electron 
doping density induced in the monolayer was ~7.2 ± 0.8 × 1013 cm−2 
with an applied voltage of 2 V (Supplementary Section I). 
One can see from the cross-section of the platform in Fig. 1c,  
that the optical mode is shared between the monolayer and SiN 
waveguide. We estimated an optical mode overlap of 0.06% using 
COMSOL Multiphysics simulations (see Methods).


Results
Figure 1d shows the measured transmission spectrum of the ring 
resonator as a function of voltage. The cavity has a resonance near 
1,571 nm, with a narrow linewidth confirming that the incorpo-
ration of WS2 introduces negligible loss and does not degrade the  
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the transparency regime) by integrating it on silicon nitride photonic structures to enhance the light–matter interaction with 
the monolayer. We show that the doping-induced phase change relative to the change in absorption (|∆n/∆k|) is ~125, which is 
significantly higher than the |∆n/∆k| observed in materials commonly employed for silicon photonic modulators, including Si 
and III–V on Si, while accompanied by negligible insertion loss.


NATuRe PHoToNICS | VOL 14 | APRIL 2020 | 256–262 | www.nature.com/naturephotonics256



mailto:ml3745@columbia.edu

http://orcid.org/0000-0003-1884-2882

http://orcid.org/0000-0003-2782-6438

http://orcid.org/0000-0002-2345-6735

http://orcid.org/0000-0002-0511-1442

http://orcid.org/0000-0002-8084-3301

http://orcid.org/0000-0003-2903-3765

http://crossmark.crossref.org/dialog/?doi=10.1038/s41566-020-0590-4&domain=pdf

http://www.nature.com/naturephotonics





ArticlesNaTure PHoToNIcS


quality factor of the microring resonator. At positive gate voltages 
above 1 V, we observe a redshift in the resonance wavelength, indi-
cating an increase in the effective index of the resonator. Remarkably, 
the resonance linewidth is largely unchanged, showing that doping 
does not introduce substantial loss. The measured changes in res-
onance wavelength and quality factor with applied voltage can be 
used to derive the changes in real and imaginary components of 
the effective index (Δneff and Δkeff, respectively) of the composite 
waveguide (Supplementary Section II). Figure 2a shows the mea-
sured Δneff and Δkeff as a function of gate voltage. Δneff increases 
linearly with gate voltage with the onset of n-type doping (above 
1 V). In this same range, Δkeff is almost two orders of magnitude 
smaller. We can determine the underlying change in the real and 
imaginary parts of the refractive index of WS2, ΔnWS2 and ΔkWS2, 
respectively, by COMSOL modelling of the monolayer as a 2D 
sheet (with optical conductivity31 σS) integrated on a SiN waveguide 
(see Methods). Figure 2b shows ΔnWS2 and ΔkWS2 as a function of 
gate-induced carrier density in the monolayer WS2. ΔnWS2 reaches 
0.53 ± 0.06 RIU (refractive index units) for a maximum doping of 
(7.2 ± 0.8) × 1013 cm−2, while the value for ΔkWS2 is 0.004 ± 0.002. 
This indicates that monolayer WS2 has a unique combination of 
strong electrorefractive response (ΔnWS2) and small electroabsorp-
tive response (ΔkWS2) at NIR wavelengths; that is, the propagating 
light undergoes significant phase change with low optical loss.


We show that the strong phase change occurs only when the 
polarization of the propagating light is in plane with the mono-
layer TMD (that is, TE mode). To probe the polarization effect, 
we embedded the SiN–WS2 composite waveguide in the arms of a 
Mach–Zehnder interferometer (MZI), optimized to operate both 
for the transverse magnetic (TM) and TE mode in the S wavelength 
band (1,460–1,490 nm) and C/L band (1,530–1,630 nm), respec-
tively (see Methods). Figure 3a presents a diagrammatic represen-
tation of the MZI device and Fig. 3b an optical micrograph of the 
fabricated device. The MZI is designed to have a length imbalance 
of 200 µm between the two arms such that the transmission spectra 
exhibit fringes with a visibility of 0.98 in the wavelength range span-
ning 1,560–1,620 nm for the TE mode and 1,455–1,480 nm for the 
TM mode. A 500 µm-long film of monolayer WS2 is patterned on 
both arms of the MZI, followed by deposition of metal electrodes. 
We doped the monolayer by applying a voltage between the metal 
electrodes through the ionic liquid [P14+] [FAP−]. We estimate from 
COMSOL Multiphysics simulations that the optical mode overlap 
with the monolayer is 0.06% and 0.04% for the TE and TM mode, 
respectively (see Methods). Figure 3c,d shows the interference pat-
terns at the MZI output for the TE and TM modes, respectively, with 
different voltages applied to dope the monolayer WS2 on the longer 
arm of the MZI. There is a pronounced wavelength shift in the MZI 
spectra for the TE mode (Fig. 3c), but only a minimal wavelength 
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shift for the TM mode (Fig. 3d), indicating that the doping-induced 
electrorefractive effect is strong only when the optical E field is 
aligned with the monolayer, despite similar mode overlap for the 
TE/TM mode with the monolayer. We confirmed that the doping 
of ionic liquid in the absence of the monolayer does not influence 
the MZI transmission response (Supplementary Section III). We  


estimate that the attenuation for a π shift due to the monolayer WS2 
will be 0.55 dB (see Methods).


To leverage the doping-induced strong electrorefractive response 
in monolayer TMDs for photonic applications, we have developed 
a fully integrated SiN–TMD platform that gates the monolayer 
TMD using a parallel plate capacitor configuration. We replaced the 
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ionic liquid used above with a stack of HfO2 (hafnia) and transpar-
ent conducting indium tin oxide (ITO) to form a TMD–HfO2–ITO 
capacitor on the SiN waveguide, as illustrated in Fig. 4a. Standard 
processes were used to define the optimized 1 μm -wide × 360 nm-
high low-pressure chemical vapour deposited (LPCVD) SiN wave-
guide, clad with 260 nm of SiO2 and a 500 μm-long WS2–HfO2–ITO 
capacitor fabricated on each arm of the MZI (see Methods). We 
replaced the MOCVD-grown monolayer WS2 used in the ionic liq-
uid experiments with CVD-grown25 films for the capacitive devices 
(Supplementary Section IV). Supplementary Fig. 4a shows a false-
coloured optical micrograph of the fabricated SiN–TMD MZI. In this 
configuration, quantum capacitance effects are negligible30, and we 
estimate a linear induced charge density of (0.37 ± 0.05) × 1012 cm−2 
V–1, based on the thickness (26 nm) and dielectric permittivity of 
the HfO2. In contrast to the ionic liquid devices where the voltage 
swing is limited to between −2 V and 2 V, the voltage swing in these 
capacitive devices is determined by the thickness of the dielectric 
(HfO2) and is in the range {−8 V, 9 V}.


Figure 4b shows the interference pattern at the MZI output 
for different voltages applied across the WS2–HfO2–ITO capaci-
tor on the longer arm of the MZI. As in the ionic liquid gated  
devices, we induce a strong change in phase with applied volt-
age, thereby designing a phase modulator with a modulation 
efficiency (VπL) of 1.33 V cm, coupled with minimal change in 
extinction. Figure 4c shows the gating-induced Δneff of the com-
posite waveguide, extracted by measuring the wavelength shift 
of the MZI spectra (Supplementary Section IV), which reaches 
7 × 10−4 RIU for a swing voltage of 8 V. From the extremum point 
at −4 V in Fig. 4c, we infer that the charge neutrality point for the  


monolayer WS2 layer is at −4 V, which corresponds to an initial electron  
doping of (1.5 ± 0.2) × 1012 cm−2. This initial doping is probably 
due to sulfur vacancies arising from CVD growth, but can also 
arise from substrate effects or adsorbates introduced in the trans-
fer process32.


We further enhanced the performance of the capacitive SiN–WS2 
platform by increasing the optical mode overlap with monolayer WS2 
using SU-8 photoresist as a high-index cladding (Supplementary 
Fig. 4b). Figure 4c shows an increase in the gating-induced Δneff 
from 7.1 × 10−4 RIU to 1.35 × 10−3 RIU, which reduces the VπL from 
1.33 V cm to 0.8 V cm (Supplementary Section V). We estimate that 
the mode overlap for the unclad device is 0.016% and for the SU-8 
clad device is 0.03%, based on our simulations (see Methods). The 
Δneff for the SU-8 clad device is almost double the Δneff extracted 
for an unclad device, in agreement with the improvement in the 
mode overlap from our COMSOL computations. Considering the 
relatively small mode overlap with the monolayer CVD WS2 in this 
present work (0.03%), one could envision an even higher phase 
modulation efficiency using alternative waveguide geometries with 
different degrees of mode confinement such as slot waveguides and 
photonic crystals. We measured a 3 dB bandwidth of 0.3 GHz in our 
devices with a minimal d.c. electrical power dissipation of 0.64 nW 
in the WS2–HfO2–ITO capacitor (Fig. 4d and Supplementary 
Sections VI and VII). The frequency response of the phase modula-
tor was measured using a 40 GHz fast photodiode and an electri-
cal vector network analyser (VNA) at 1,550 nm. The bandwidth is 
currently limited by the resistance of monolayer WS2 and can be 
increased with improved electrical contacts, optimized geometry 
and control over the initial doping density.
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Finally, we demonstrated that the gating-induced electrorefrac-
tive effect extends to other semiconductor TMDs by fabricating and 
characterizing a SiN–MoS2 composite waveguide embedded in an 
MZI structure (Fig. 5a). The measured |Δneff| as a function of gate 
voltage is shown in Fig. 5b, and reaches a maximum of 6.4 × 10−4 
(RIU) at 8 V (Supplementary Section VIII). The phase modulation 
efficiency VπL is 1.7 V cm. Figure 5c compares the index change 
(|Δn|) for MoS2 and WS2 versus gate voltage. One can see that the 
index changes in both are of the same order of magnitude, with the 
|Δn| in WS2 stronger, possibly due to the higher oscillator strength 
of the excitonic resonances, which contribute to the dielectric func-
tion31. We further observe from our preliminary experimental mea-
surements that the electrorefractive response in monolayer TMDs is 
stronger than in multilayer samples (Supplementary Section XIII).


We show in Fig. 6 that the doping-induced |∆n/∆k| ≈ 125 for 
semiconductor monolayers at NIR wavelengths is significantly 
higher than the |∆n/∆k| reported for 2D materials and various elec-
trorefractive materials employed in silicon photonics (for example, 
graphene17,19 and silicon33–36), while being accompanied by com-
paratively lower insertion loss (Supplementary Section X). The 
physical mechanism for the strong electrorefractive effect remains 
to be studied in detail. Due to the Lorentzian nature of the dielectric 
response in monolayer TMDs31, the excitonic resonances contribute 
to the real part of the dielectric function over a much larger fre-
quency band than in the imaginary part. Thus, doping-dependent 
tuning of multiple strong excitonic resonances will lead to a high 
|∆n/∆k| in the transparency regime (Supplementary Section XIV). 
The free carrier plasma dispersion via the Drude model can also 
lead to a similar effect due to the comparable larger conductivity 
effective mass in TMD monolayers37–39. Additionally, the 2D config-
uration of monolayer TMDs in the composite platform lends itself 
to extremely high doping of the material.


The demonstrated enhanced light–matter interaction in mono-
layer TMDs could open up routes to a range of novel applications 
with these 2D materials and enable highly reconfigurable photonic 
circuits with low optical loss and power dissipation. The dem-
onstrated composite waveguide platform (with VπL of 0.8 V cm) 
already outperforms state-of-the-art lithium niobate modula-
tors—the gold standard for current phase modulators (with VπL of  


1.8–2.4 V cm)40,41. We estimate that the efficiency of our platform 
can be further optimized by reducing the dielectric thickness and 
embedding the monolayer within the waveguide mode to improve 
the optical mode overlap. Traditional phase modulators based on 
either thermo-optic or induced electro-optic χ(2) effects have simi-
lar low optical losses as our SiN–TMD device, but suffer from 
either high electrical power consumption and low operation band-
width42–44 or require a large device footprint and complex fabrica-
tion techniques41,45,46, respectively. For large-scale photonic systems, 
wafer-scale integration of TMD materials with silicon photonics can 
be done either as a direct TMD growth process on silicon wafers29,47,48 
or as a post-processing step where large wafer-scale TMD films49 
are transferred onto a silicon photonics platform, fabricated in a 
standard foundry. The low electrical power dissipation and mod-
erate operation bandwidth in our SiN–TMD platform allows for 
the large-scale integration of these phase modulators in numerous 
applications such as LIDAR, phased arrays, optical switching and 
quantum and optical neural networks.
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Methods
TMD preparation, transfer and patterning. The poly(methyl methacrylate) 
(PMMA)/TMD stack was delaminated from the SiO2/Si substrate by floating in 
a hot 1 M KOH solution with the PMMA side up. The PMMA/TMD stack was 
rinsed in water a couple of times, before transferring it onto the SiN waveguides. 
After the transfer, the TMD-clad waveguides were left to dry for a few hours before 
the PMMA was removed by soaking in acetone and rinsing in isopropanol. The 
transferred TMD was then patterned with a hydrogen silsesquioxane (HSQ)/
PMMA stack using electron-beam lithography (EBL), followed by oxygen plasma 
and CHF3/O2 for etching residual PMMA and TMD.


Device fabrication for SiN–TMD ionic liquid photonic devices. We 
lithographically defined 1.3 μm-wide waveguides on 330 nm-high SiN, deposited 
using LPCVD at 800 °C and annealed at 1,200 °C for 3 h, on 4 µm thermally 
oxidized SiO2, with a combination of EBL to define the waveguides and deep 
ultraviolet (DUV) lithography to pattern the chemical planarization (CMP) marks. 
We etched the SiN waveguides and CMP patterns using CHF3/O2 chemistry 
via Oxford 100 Plasma inductively coupled plasma-reactive ion etching (ICP-
RIE), followed by deposition of 600 nm of PECVD SiO2 on the waveguides. 
We planarized the SiO2 to ~100 nm above the SiN waveguides using standard 
CMP techniques to create a planar surface for the transfer of the MOCVD WS2 
monolayer and to prevent the TMD film from breaking at the waveguide edges. The 
power splitter (combiner) at the input (output) of the MZI structure was designed 
using a 1 × 2 (2 × 1) multimode interferometer (MMI). Due to the disproportionate 
ratio of the height (330 nm) to the width (1.3 µm) of the waveguide and the 
sensitivity of the MMI structure, the MZI supports wavelength fringes from 1,520 
to 1,630 nm for the TE mode and from 1,455 to 1,480 nm for the TM mode. A 
10 nm layer of sacrificial thermal atomic layer-deposited (ALD) alumina was 
deposited on top of SiO2 to isolate the SiN waveguides from the subsequent 
fabrication steps required for the patterning of monolayer TMDs. Following the 
TMD preparation, transfer and patterning described above, the metal contacts were 
lithographically patterned using a DUV mask aligner, and 50/80 nm of Ti/Au was 
deposited by electron-beam evaporation, followed by liftoff in acetone.


Device fabrication for SiN–TMD capacitive devices. We lithographically 
defined 1 μm-wide waveguides on 360 nm-high SiN, deposited using LPCVD 
at 800 °C, then annealed at 1,200 °C for 3 h, on 4 µm thermally oxidized SiO2, 
using 248 nm DUV lithography. We etched the SiN waveguides using CHF3/O2 
chemistry via Oxford 100 Plasma ICP RIE, followed by deposition of 600 nm of 
PECVD SiO2 on the waveguides. We planarized the SiO2 to ~260 nm {40 nm} 
(numbers in curly brackets {} indicate the dimensions for the composite 
SiN–MoS2 devices) above the SiN waveguides using standard CMP techniques 
to create a planar surface for the transfer of the WS2 {MoS2} monolayer and 
to prevent the TMD film from breaking at the waveguide edges. The 260 nm 
{40 nm} SiO2 layer prevents the lossy ITO layer of the capacitor from interacting 
with the optical mode too strongly. A 45 nm {5 nm} layer of thermal ALD 
alumina was deposited on top of the SiO2 to isolate the waveguides from the 
subsequent fabrication steps for the TMD–HfO2–ITO capacitor. The TMD was 
prepared, transferred and patterned using the aforementioned process. The metal 
contacts to the TMD layer were then patterned using EBL, and 30 nm Ti/50 nm 
Au was deposited by electron-beam evaporation, followed by liftoff in acetone. 
A 26 nm {37 nm} layer of thermal ALD hafnia at 200 °C was then deposited to 
form the dielectric for the TMD–HfO2–ITO capacitor. The other electrode of 
the capacitor was first patterned using EBL and then ITO was sputtered at room 
temperature (24 °C), at a chamber base pressure of 12 mtorr, with an argon flow of 
30 s.c.c.m. and oxygen flow of 5 s.c.c.m., followed by liftoff in acetone. To reduce 
the resistivity of the sputtered ITO film, the substrate was heated to a temperature 
of 200 °C and annealed in vacuum with a chamber pressure of 10−6 torr and an 
oxygen flow of 5 s.c.c.m. for 30 min. We characterize the complex refractive index 
of ITO and thereby its doping using visible and infrared ellipsometry (Woollam 
VASE) and fitting to a Drude–Lorentz relation (Supplementary Section XI). 
Finally, the metal contacts to the ITO layer were patterned using EBL and 30 nm 
Ti/50 nm Au was then deposited using electron-beam evaporation, followed 
by liftoff in acetone. To define devices with SU-8 on the composite SiN–WS2 
waveguides, SU-8 was photolithographically patterned on the waveguide and 
developed by spinning SU-8 to a thickness of 3.5 μm.


Experimental set-up. We coupled TE/TM polarized light from a tunable NIR laser 
(1,450–1,600 nm) to the SiN microring/MZI input using a tapered single-mode 
fibre; this was then collected at the SiN bus/MZI output, using a similar tapered 
fibre. We recorded the microring/MZI transmission spectrum for different bias 
voltages applied across the WS2–HfO2–ITO capacitor, to measure the phase shift 
and absorption change. We normalized each of the MZI/ring transmission spectra 
first by the maximum output power across the measured wavelength range and 
then by the optical power spectral profile measured at the output of one of the MZI 
arms by coupling light to a similar SiN waveguide with only one MMI splitter at 
the input of the MZI. The above normalization process eliminated the wavelength-
dependent optical loss experienced by the incident laser light in the tapered optical 
fibre, the fibre polarizer, SiN waveguide and the MMI, which are all designed 


to operate optimally at 1,550 nm with TE polarization. It also accounts for the 
wavelength-dependent power fluctuations of the laser, if any.


For small-signal radiofrequency (RF) bandwidth measurement using the VNA, 
we applied a d.c. bias voltage of 0 V across the WS2–HfO2–ITO capacitor, combined 
with an RF signal of −10 dBm with a source impedance of 50 Ω.


Optical sheet conductivity of monolayer TMD. We used the 2D sheet 
conductivity model to extract the ΔnWS2 and ΔkWS2, as is commonly done when 
modelling graphene monolayers41. We extracted the complex index change of 
the monolayer (Δn + iΔk) with carrier densities by comparing the measured 
Δneff and Δkeff (Fig. 2a), with the simulated change obtained using the COMSOL 
Multiphysics finite element model. We modelled the monolayer TMD as a 
conductive sheet, with surface charge density (J = σs · E) and complex optical 
conductivity42 (σs = σR + jσI) (subscripts: I, imaginary; R, real). The optical 
conductivity σs(ω) is related to the dielectric permittivity ε(ω) through the 
equation


σs ωð Þ ¼ jωtdε0ðε ωð Þ � 1Þ ð1Þ


where td defines the thickness of the monolayer TMD (0.80 nm ± 0.05 nm)21. We 
estimate the complex index change of the monolayer from the computed change in 
conductivity (∆σ) using the equation


σs ωð Þ þ Δσ ¼ jωtdε0ðε ωð Þ þ Δε� 1Þ ð2Þ


where Δε defines the change in dielectric permittivity (ε(ω)), which is related to 
Δn and Δk through


ε ωð Þ þ Δε ¼ ðnþ Δnþ i kþ Δkð ÞÞ2 ð3Þ


The change in the real part of effective index of the mode (∆neff) signifies 
a change in the imaginary part of the optical conductivity (∆σI), whereas the 
change in the imaginary part of the effective index (∆keff) of the mode is reflected 
in the real part of the optical conductivity (∆σR) through equations (1), (2) and 
(3). Because the change in complex effective index of the composite SiN–WS2 
waveguide is contingent on the spatial overlap between the propagating optical 
mode and the monolayer WS2, the true measure of the efficiency of the phase 
modulation lies in the change of its in-plane optical sheet conductivity (S) 
and thereby its real and imaginary part of the refractive index (Δn + iΔk) with 
electrostatic gating. We calculate (ΔnWS2 + iΔkWS2) by modelling the monolayer as 
a boundary condition with surface current density (J = σs · E), which eliminates the 
approximation of the thickness of the monolayer in our COMSOL model.


We quantify the mode overlap by replacing the surface current density 
(J = σs · E) in the refractive index calculations with a monolayer thickness (td) 
of 0.80 ± 0.05 nm and finding the surface integral to fraction of the energy flux 
(E × H) of the mode in monolayer WS2, compared to the total mode flux in the 
composite waveguide.


Comparison of the electrorefractive change in WS2 and MoS2. Even though 
|Δneff| for the air-clad SiN–WS2 composite waveguide (Fig. 4c) is similar to the 
|Δneff| of the air-clad SiN–MoS2 (Fig. 5b), the extracted ΔnWS2 is higher than 
ΔnMos2 due to the lower optical mode overlap of 0.016% in the SiN–WS2 waveguide 
compared to that of the SiN–MoS2 waveguide.


Estimation of attenuation due to the monolayer at π phase shift. We estimate 
the attenuation due to the monolayer (∆α (dB) = 20log10(e) × 2π∆keffLπ/λ, where 
20log10(e) is the conversion factor from linear to dB scale) by calculating the length 
of the device required for a π phase shift (Lπ = 1.2 mm) for a measured effective 
index change (∆neff of 0.65 × 10−3 (RIU) and ∆keff = 1.25 × 10−5, as shown in Fig. 2a).


Data availability
The experimental dataset and its analysis is provided in the paper and any 
additional datasets that support the plots within this paper and other findings of 
this study are available from the corresponding author upon reasonable request.
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Achieving control over the radiation properties of quantum 
emitters is key to improving efficiency and realizing new 
functionality in optoelectronic systems. Bulky optical com-


ponents have been developed for many years and are extremely 
effective in controlling the angular, polarization and spectral prop-
erties of light emission. Recent advances in the fields of metallic and 
dielectric optical metamaterials and nanoantennas have now also 
enabled effective integration of solid-state emitters and control ele-
ments into inexpensive platforms1,2. Such structures can manipu-
late light emission in the near field of an emitter and thus promise 
even greater control over the emission process. For example, we will 
show how the undesired losses due to radiation of quantum emitters 
into a high-index substrate can be reduced by redirecting the emis-
sion upward with an antenna.


Whereas structures based on noble metals are currently most 
advanced in manipulating light–matter interaction at the nanoscale, 
they typically are complex in shape, display undesired optical losses 
and are not compatible with most semiconductor device processing 
technologies. High-index semiconductor antennas can circumvent 
these issues while providing complex electrical and optical func-
tions3–10. Based on their mature fabrication infrastructure, silicon 
nanostructures appear particularly promising for optoelectronic 
applications5–8,11–13. Semiconductor nanoparticles of simple geo-
metric shapes have displayed directional scattering of plane waves 
when the renowned Kerker conditions are satisfied8,11,14. When these 
conditions are met, directionality is naturally achieved through the 
coherent excitation of electric and magnetic dipole resonances in 
the particle and tuning the interference of the associated scattered 
fields, which was demonstrated in multiple platforms including 
nanocylinders8,15–17. Thanks to their high refractive indices, semi-
conductor nanoparticles can satisfy the Kerker conditions in the 
visible spectral range11,14,18. Given the ever-increasing importance of 
solid-state light emitters and quantum nanophotonics, it is of great 
interest to explore whether analogous conditions can be identified 
that will facilitate directional emission from quantum emitters, and 
we answer this important question positively in this work. When 


the highly localized dielectric resonances are utilized, one can 
achieve local control over the angular and polarization properties 
of the radiation pattern without the need for planar or particle-like 
back reflectors, which makes it versatile and readily applicable in 
numerous platforms19,20. As such, it nicely complements other low-
loss approaches involving advanced semiconductor photonic crys-
tals, planar optical antennas and leaky-wave antenna structures to 
control spectral and angular emission properties21–28.


Photoluminescence control and directional emission with the 
help of nanometallic antennas have been analysed theoretically 
in great detail and demonstrated experimentally at optical fre-
quencies29–36. For semiconductor antennas, however, directional 
emission exploiting Mie resonances has been limited to theoreti-
cal proposals11,37–47 or experiments in the microwave regime48. By 
modifying the conventional Mie theory to describe light scattering 
by a nanowire from a dipolar source as opposed to the standard 
plane wave source, we reveal that directional emission with a silicon 
nanowire can be realized through a variety of mechanisms. Each 
of these directionality mechanisms involves optical interference 
effects that come about when the light emitted from a quantum 
emitter can follow different pathways to the far field. For example, 
highly directional emission can occur when a fraction of the light 
emitted by an electric dipole source is rescattered by exciting the 
dominant electric dipole resonance of a nearby nanowire. It can 
also follow from the coherent excitation of electric and magnetic 
dipoles in a nanowire, more akin to the original directional Kerker 
scattering40. Experimental evidence is provided for both of these  
directionality mechanisms by coupling the exciton emission from 
an atomically thin layer of MoS2 (refs 49–52) to two differently sized 
silicon nanowires. We demonstrate a forward-to-backward emis-
sion ratio of 20 from MoS2 emitters coupled to silicon nanowires 
at visible wavelengths. The use of a two-dimensional (2D) semi-
conductor enables the realization of an accurate and repeatable 
separation between the emitter and nanowire, which is critical for  
obtaining reliable control over the direction of light emis-
sion39. Furthermore, 2D materials such as MoS2 benefit from the  
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simplicity and low-cost nature of available deposition/growth tech-
niques, making them particularly promising for future photonic 
device applications compared with conventional epitaxially grown 
emitter materials53–55.


Modified Mie theory for directional emission
Conventional Mie theory allows us to calculate the excited reso-
nances for an infinitely long cylinder under plane wave illumination 
(see Fig. 1a for the excitation geometry) by expanding the incident 
and scattered fields in terms of cylindrical harmonics56. The expan-
sion coefficients in the scattered field are referred to as Mie coeffi-
cients, and they quantify the scattering contributions from different 
resonances, for example, electric and magnetic dipoles (see Fig. 1b 
for a multipolar decomposition of the scattering efficiency Qscat for 
an infinitely long silicon nanowire). When Mie coefficients corre-
sponding to the electric and magnetic dipoles excited by a plane 
wave have equal amplitude and phase, the scattered fields originat-
ing from these resonances destructively interfere in the backward 
direction, satisfying the so-called first Kerker condition15. This 
condition has played a central role in the research on light–matter 
interactions with high-index nanostructures2. In this work, we will 
go beyond plane wave excitation and explore the impact of using the 
electric dipole emission from the MoS2 monolayer as our source. We 
show that the choice of a localized source can profoundly influence 
the weights of the excited nanowire resonances compared with the 
plane wave case. This naturally results in different conditions for 
emission directionality. To gain an intuitive understanding of the 
origin of these modifications, we derive an analytic expression for 
the scattering efficiency of a cylindrical nanowire for electric dipole 
radiation in 2D:


∑= = ∣ ∣ ∣ + ∣
=−∞
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Here, Pscat and Pinc are the scattered and incident source-dipole radi-
ation powers, respectively, bn are the conventional Mie coefficients 
found from the plane wave excitation problem56, Hn


(1) are Hankel 
functions of the first kind, λ= π∕k 20  is the free-space wave vector, 
λ is the wavelength, R is the nanowire radius and d is the dipole–
nanowire distance (see Supplementary Information for the deriva-
tion of equation (1)). Note that in this 2D analysis, the excitation 
source is a line dipole and the nanowire is infinitely long56. Whereas 
a three-dimensional (3D) theory would be needed to quantitatively 
predict the correct magnitude for the scattering efficiency for a 
point dipole source, we show that this simple 2D description can 
explain the role of the different multipolar excitations in achieving 
directional emission and the importance of controlling the nanow-
ire–emitter distance39. This is particularly true as, for symmetry 
reasons, the far-field radiation patterns seen for an infinitesimal 
electric point dipole (3D) and an electric line source (2D) are iden-
tical in the plane orthogonal to the nanowire axis and intersecting 
the emitter (see Supplementary Fig. 4). Hence, the scattered far-field 
radiation pattern in this plane will also be identical in both cases45.


As can be seen in equation (1), each term in the expression for 
the scattering efficiency can be associated with a specific reso-
nance. More specifically, the terms with b0 and b1 Mie coefficients 
have been associated with electric and magnetic dipole resonances, 
respectively43,57. Each of the resonant contributions has a distance-
dependent weighting factor that is given by the Hankel function 
relevant to that resonance. The origin of this Hankel function 
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Fig. 1 | Scattering behaviour of a silicon nanowire under plane wave and dipole excitations. a, Schematic of the nanowire under plane wave excitation 
showing the possible excitation of electric and magnetic dipole resonances (E and H indicate the electric and magnetic field strength, respectively).  
b, Scattering efficiency and the multipolar contributions from the electric dipole p, magnetic dipole m and electric quadrupole qe resonances under  
plane wave excitation for a nanowire with R =  88 nm. Insets are the electric field intensity profiles in the nanowire at the electric (right) and magnetic  
(left) dipole peak wavelengths. c–f, Schematic and the radiation pattern for dipole excitation of a nanowire with R =  88 nm (c) and R =  38 nm (e) and 
d =  1 nm at λ =  675 nm (pem denotes the emitter electric dipole). Panels d,f correspond to the scattering efficiency and its multipolar contributions for  
cases c,e, respectively.
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dependence arises as the scattered power is related to the interac-
tion of the dipole source and nanowire scattered fields, which are 
both described by Hankel functions. Because of these weighting fac-
tors, the excitation efficiencies for different multipoles display dif-
ferent dependences on the dipole–nanowire distance, which makes 
this distance an important parameter determining the directionality 
of the overall emission. The scattering behaviour of the nanowire 
under dipole illumination approaches that seen for plane wave illu-
mination when the dipole source is far ( λ≫d ) from the nanowire 
(Supplementary Fig. 1). However, when the dipole is brought closer 
to the nanowire as in Fig. 1c, the excitation of different resonances 
takes place with different strengths, resulting in a modified scatter-
ing spectrum (Fig. 1d).


The dipole emission directionality (Fig. 1c) is different from the 
plane wave scattering directionality not only because of the modi-
fied resonance contributions but also because of the non-directional 
nature of the source40. In other words, to achieve the desired emis-
sion directionality, it is important to consider the interference of the 
incident fields from the source and scattered fields from the nanow-
ire as opposed to the plane wave case where typically only the scat-
tered fields are considered11,14,18.


For a given emitter/emission wavelength, the nanowire radius 
can be optimized in a thoughtful manner to achieve directional 
emission; as it controls the nature of the excited resonances, it 


effectively controls the scattering behaviour. Besides the scatter-
ing, the radius also determines the spectral absorption properties 
of the nanowire. Supplementary Fig. 2 shows that the nanowires of 
this study display a high scattering efficiency and a low absorption 
efficiency within the wavelength of interest, justifying the choice of 
silicon over their plasmonic counterparts. By using nanowires with 
different radii, one can obtain directionalities with distinct origins 
even at the same emission wavelength, as seen in Fig. 1c,e. With 
the larger radius nanowire shown in Fig. 1c, higher-order multi-
poles can be excited in the emission band of MoS2 in the range of 
650–720 nm, resulting in directionality due to the interference of 
the scattered fields originating from these multipoles and the emit-
ter dipole. Conversely, with the smaller nanowire of Fig. 1e, we can 
observe directional emission due to the interference of the scattered 
fields from the excited electric dipole nanowire resonance with 
those of the emitter dipole.


Directional emission of MoS2 using a Si nanowire
To experimentally investigate the emission directionality, we use a 
confocal optical microscope with a laser excitation wavelength of 
633 nm that affords both top and bottom detection of photolumi-
nescence signals (see Methods). As the emitter, we use monolayer 
MoS2 grown on a transparent sapphire substrate. Silicon nanowires 
are drop cast on top, as shown in Fig. 2a. In one experiment, we 
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use a tapered silicon nanowire whose radius gradually varies from 
around 20 nm to 40 nm over a length of 40 μ m. The gently tapered 
shape of the nanowire makes it convenient to match the spectrum 
of the emitter to the different diameter-dependent nanowire reso-
nances that give rise to directionality.


Images of the transverse magnetic polarized emission are taken 
from the top and bottom of the sample (Fig. 2b,c). They show that 
the nanowire enhances the emission of the MoS2 layer to the top 
(forward direction) while suppressing the emission to the bot-
tom (backward direction). The top-to-bottom (T/B) ratio for the 
emission, provided in Fig. 2d, reaches 2.5 on the nanowire, while 
that for bare MoS2 areas is about 0.8 (see Methods for the proce-
dure to correct for the contribution of the detection system to the 
measured asymmetry). An important caveat of the measurement in 
Fig. 2d is that the detection system is diffraction limited, and con-
sequently the region from which photoluminescence is collected 
is significantly larger than the nanowire diameter. This results in 
a reduced T/B ratio compared with our simulations due to the  
contributions from the bare MoS2 regions adjacent to the nanow-
ire, which produce non-directional emission. To eliminate this 
unwanted effect and measure the ultimate directionality observable 
for emitters under the antenna, the sample is etched using a low-
energy argon plasma where the nanowire itself acts as an etching 
mask (see Fig. 2e).


The top and bottom fluorescence images after the etching pro-
cess show that the emission is almost entirely eliminated from the 
bare MoS2 regions, except for isolated spots corresponding to areas 
of few-layer MoS2, while the emission from the emitters under the 
nanowire is maintained (Fig. 2f,g). Note that the bottom emis-
sion around the lower half of the nanowire in Fig. 2g is almost 
completely suppressed, suggesting a very high directionality (see 
Supplementary Information for top and bottom line scans of the 
emission across the nanowire). As can be seen in Fig. 2h, the T/B 
ratio is more than 20 on the part of the tapered nanowire, whereas 
that of the reference bare MoS2 is around 0.8. Therefore, it can be 
concluded that the nanowire directionality enhancement over bare 
MoS2 is more than 25-fold.


We provide, as a control experiment, the T/B ratio of the same 
nanowire for transverse electric polarized collection in the inset of 
Fig. 2h. Here, the nanowire is barely discernible in the T/B ratio 
image, implying that the enhanced directionality seen for the trans-
verse magnetic case is linked to multipolar resonances capable of 
redirecting the emission with this polarization state.


two mechanisms for directional emission
To explore the nature of the observed directional emission, we use 
our analytical Mie theory to calculate the T/B emission ratio. Within 
this approach, the far-field emission intensity is given as
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where Jn is the Bessel function of the first kind, I is the current of 
the line source, ω is the radial frequency, μ0 is the magnetic perme-
ability of vacuum, i is the imaginary unit, θ is the emission angle 
(see Supplementary Information for the derivation). By integrat-
ing the far-field intensity values in equation (2) around the forward 
(θ =  π ) and backward (θ =  0) directions, we obtain the spectral and 
nanowire size dependence of the T/B emission ratio (see Methods). 
Figure 3a shows a map of these calculations, revealing multiple 
clear bands with high T/B ratios. Each band can be identified with 
a unique directionality mechanism involving different multipolar 
resonances. Very similar results are obtained with finite-difference 


time-domain (FDTD) simulations that include the presence of the 
substrate, as shown in Supplementary Fig. 6a.


For the emission wavelength range of MoS2 (the vertical shaded 
area in Fig. 3a), it is possible to capture two directionality mecha-
nisms with nanowires that feature radii under 100 nm. To identify 
how the different multipoles contribute to each mechanism, we 
determine the far-field complex electric field contributions in the 
backward direction from several multipolar resonances. We first 
analyse the smaller, tapered nanowire for which the high direction-
ality was verified in Fig. 2. Its radius range of 20–40 nm is indicated 
in Fig. 3a by the lower grey shaded band. For a selected 38 nm-
radius nanowire, these relevant field contributions are shown in the 
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demonstration of the second mechanism.  a, T/B ratio of emission of 
a dipole–nanowire pair obtained with the modified Mie theory (see 
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MoS2, and the horizontal shaded band and line indicate the sizes of the two 
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left panel of Fig. 3b in a phasor representation to clearly show their 
relative magnitudes and phases. It is clear that for this wire, the exci-
tation of an electric dipole resonance (pexc) alone suffices to almost 
fully cancel out the incident field originating from the source dipole 
in the backward direction. There is only a very small contribution 
related to the magnetic dipole, mexc. However, for a larger 88 nm-
radius nanowire (right panel of Fig. 3b), fields from the electric 
dipole, magnetic dipole and electric quadrupole resonances (pexc, 
mexc and qexc, respectively) are more or less equal in magnitude. This 
results in very little backward emission, and in this case, we find 
that the directionality can primarily be attributed to the coherent 
excitation of electric and magnetic dipole resonances. The excita-
tion of these resonances results in scattered fields that cancel the 
field originating from the source dipole (pinc) in the backward direc-
tion. Figure 3c shows experimental evidence of this directionality 
mechanism. For this 88 nm-radius wire, a T/B ratio in excess of 5 is 
reached. The lower T/B ratio observed for this larger wire is consis-
tent with the theoretical analysis shown in Fig. 3a.


As with any antenna, the scattered field can produce a back 
action on the dipole source and an associated Purcell enhance-
ment58. As the relative strengths of the source and scattered fields 
control the directionality, it is important to be aware of such effects. 
Because our model is an exact solution to Maxwell’s equations, the 
impact of possible Purcell enhancements due to the presence of the 
nanowire is naturally accounted for.


Spectral control over light emission
Besides the demonstrated angular and polarization control, it is 
also highly desirable to achieve spectral control over the emission 
right at the source. This can be attained through a simple variation 
in the nanowire size7,59. For example, Fig. 3a suggests that for each 
directionality mechanism, the maximum in the T/B ratio will red-
shift with increasing nanowire size. This is understandable as all of 
the nanowire resonances that may be involved in achieving direc-
tionality redshift with increasing size. At wavelengths where the T/B 
ratio is large, it is expected that a relatively large fraction of the MoS2 


photoluminescence can be collected in the top direction. It is thus 
also expected that the photoluminescence spectra collected from the 
top will redshift as the nanowire size increases. To investigate this 
point, we analyse a zoomed-in top photoluminescence emission map 
(see Fig. 4a) from the tapered nanowire that was discussed in Fig. 2. 
Reflection-mode dark-field white-light scattering spectra taken from 
different locations along the length of the nanowire show a clear red-
shift over about 60 nm as the radius increases from 26 nm to 38 nm 
(see Fig. 4b inset). This comes with a concomitant redshift in the 
photoluminescence spectrum, as shown in Fig. 4c. As the detection 
spot is moved along the nanowire length, the emission spectrum is 
first higher on the blue side of the reference bare MoS2 emission peak, 
and ultimately the peak is on the red side of this spectrum (Fig. 4c).


Conclusions
We have experimentally demonstrated directional and spectral 
control over the visible emission from monolayer MoS2 emitters 
with silicon nanowires. A more than 25-fold T/B emission ratio 
enhancement was observed, indicating that dielectric antennas can 
be very effective in reducing the undesired emission from quan-
tum emitters into high-index substrates. Conventional Mie theory 
was extended to the use of an electric dipole source to explain the 
observed directionality in terms of multipolar contributions with 
an intuitive analytical model. The insights from this work may find 
use in realizing high-performance single-photon sources or meta-
surfaces composed of dense arrays of high-index semiconductor 
nanostructures to enhance and control light extraction from solid-
state light emitters.


Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41566-018-0155-y.
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Methods
Sample preparation and nanowire properties. The tapered nanowire discussed 
in Figs. 2–4 with the radius in the range of 20–40 nm, was grown in-house by a 
gold-catalysed chemical vapour deposition technique4,60. The second nanowire 
of this study, NW2, with a radius of 88 nm, was purchased from Sigma-Aldrich. 
MoS2 monolayer samples with semicontinuous areas, grown by chemical vapour 
deposition, were purchased from 2D Semiconductors. The granularity of 
photoluminescence maps in the paper is due to this imperfect surface coverage 
of MoS2. The nanowires were drop casted on these MoS2 samples from a colloidal 
suspension.


Note that while the drop-casting method does not give us specific control over 
the nanowire–emitter distance, it results in a very small variation in this separation 
thanks to the near-atomically flat MoS2 layer and the single crystallinity of the 
Si nanowires. Therefore, the expected distance variation between the nanowire 
surface and the emitter layer is a few nanometres, small enough that the T/B ratio 
is not affected by it.


MoS2 layer etching process. To eliminate the collection of emission from the MoS2 
areas that are not optically coupled to the nanowires, we exposed the sample to a 
mild Ar plasma etching process for 10 s in a sputtering system (AJA International). 
The nanowires themselves serve as a shadow mask protecting the emitter layer 
underneath while the rest of the MoS2 monolayer is removed. Note that this 
etching procedure resulting in the narrowing of the MoS2 region is not expected to 
modify the photoluminescence behaviour of the MoS2 (no additional degradation 
is expected within the region masked by the nanowire, and the width of the MoS2 is 
still too large for any quantum confinement effect to take place).


Photoluminescence imaging and spectroscopy. Experiments were conducted 
on a modified confocal microscope with top and bottom detection capabilities 
(WITec alpha300). The sample was excited with 633 nm continuous-wave laser 
through the top objective. The top detection path consists of an objective (Zeiss 
100× , numerical aperture: 0.95), a linear polarizer, a laser filter (long pass with 
650 nm cutoff), a fibre with a 20 μ m core diameter serving as the confocal pinhole 
and a fibre-coupled avalanche photodiode (Micro Photon Devices). The bottom 
detection path consists of an objective (Zeiss 50× , numerical aperture: 0.55), a 
linear polarizer, a laser filter (long pass with 650 nm cutoff) and a free-space-
coupled avalanche photodiode (Micro Photon Devices). The top objective was 
chosen to have a high numerical aperture to increase the excitation resolution 
of the system. The bottom objective, in contrast, was a long-working-distance 
objective to allow imaging through the transparent substrate and hence had a lower 
numerical aperture. The T/B ratio is calculated after a background subtraction 
from the top and bottom images.


One might notice the additional sharp peaks on the photoluminescence spectra 
in Fig. 4c. These additional peaks are expected to originate from the Raman 
scattering signals of the Si (at 655 nm and 675 nm), environment and localized 
contaminants.


FDTD simulations for reference and normalization procedure for T/B ratio 
analysis. Because of the inherent asymmetry of the top–bottom detection system 
(different objectives, free-space- versus fibre-coupled detection, beam splitter in 
the top direction for laser coupling, and the sample asymmetry due to substrate), 
a reference sample is needed to obtain a meaningful value for the T/B ratio. We 
used the T/B ratio of bare MoS2 emission on sapphire substrate as a relevant 
reference. For this simple geometry, the T/B ratio is easily determined by 3D FDTD 
simulations, and this technique conveniently allows us to take into consideration 
the substrate effects. We calculate the T/B ratio of dipole emission from MoS2 on 


sapphire substrate to be 0.8 in the wavelength range of interest (FDTD Solutions, 
Lumerical). The top and bottom emitted power values were obtained via power 
monitors with sizes corresponding to the numerical apertures of the experimental 
setup (top numerical aperture: 0.95, bottom numerical aperture: 0.55). Then, we 
normalized our experimental T/B ratio map such that the bare MoS2 emission 
T/B ratio matches this value. Therefore, the resulting T/B ratio of more than 20 on 
the nanowire takes into consideration the asymmetry of the system and is purely 
thanks to the antenna’s directionality enhancement. Hence, it can be concluded 
that 25 times the T/B ratio is the figure of merit of directionality for the antenna 
performance.


Modified Mie theory analysis of T/B ratio. T/B ratio values reported in Fig. 3a are 
obtained as
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The integration limits were determined such that the calculated values 
correspond to the experiments with the correct numerical apertures: top =  0.95 
and bottom =  0.55. Note that this calculation is for the emitter–antenna system 
in free space without a substrate. To confirm that the presence of the substrate is 
insignificant, we obtained the same parameter sweep result of the T/B ratio from 
FDTD simulations with a sapphire substrate (see Supplementary Fig. 6a).  
The comparison between the FDTD result involving the substrate (Supplementary 
Fig. 6a) and the analytical result (Fig. 3a) shows that the presence of the substrate is 
indeed not critical for the directionality in this system.


The significantly higher T/B ratios in calculations (and simulations in 
Supplementary Information) as compared with experiments are expected, as the 
calculations consider the emission from only one source dipole placed directly 
underneath the nanowire at an optimized spacing. In experiments, however, there 
will be a distribution of emitters from the MoS2 region underneath the nanowire, 
which result in a deviation of the emitter-to-nanowire distance from the optimum. 
To check the validity of this explanation, we conducted simulations for the case 
with a distribution of dipoles under the nanowire and reported the results in 
Supplementary Fig. 7.


To further verify the validity of the 2D model and the simulations reported 
in the Supplementary Information, we also conducted a few exemplary 3D 
simulations showing the accuracy of the 2D modelling of the considered 
nanowire–emitter system (see Supplementary Fig. 4).


Finally, to investigate the potential effects of the asymmetric top–bottom 
detection paths with different numerical apertures, we ran a set of control 
simulations for the same sample but with identical top–bottom collection 
numerical apertures of 0.95. The results provided in Supplementary Fig. 6b show 
that, while the symmetric numerical apertures decrease the T/B ratio peak values, 
there is no noticeable change in the spectral behaviour of the peaks. This indicates 
that the directionality mechanism conclusions we obtained from the experiments 
remain valid.


Data availability. The data that support the plots within this paper and other 
findings of this study are available from the corresponding author upon reasonable 
request.
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Compact nanomechanical plasmonic
phase modulators
B. S. Dennis1, M. I. Haftel2, D. A. Czaplewski3, D. Lopez3, G. Blumberg1 and V. A. Aksyuk4*


Highly confined optical energy in plasmonic devices is advancing miniaturization in photonics. However, for mode sizes
approaching ≈10 nm, the energy increasingly shifts into the metal, raising losses and hindering active phase modulation.
Here, we propose a nanoelectromechanical phase-modulation principle exploiting the extraordinarily strong dependence
of the phase velocity of metal–insulator–metal gap plasmons on dynamically variable gap size. We experimentally
demonstrate a 23-μm-long non-resonant modulator having a 1.5π rad range, with 1.7 dB excess loss at 780 nm. Analysis
shows that by simultaneously decreasing the gap, length and width, an ultracompact-footprint π rad phase modulator can
be realized. This is achieved without incurring the extra loss expected for plasmons confined in a decreasing gap, because
the increasing phase-modulation strength from a narrowing gap offsets rising propagation losses. Such small, high-density
electrically controllable components may find applications in optical switch fabrics and reconfigurable plasmonic optics.


Surface plasmons1 (SPs) are collective electronic oscillations
localized to metal–dielectric interfaces, with numerous plasmo-
nic-based devices having been demonstrated previously2,3. Gap


plasmons (GPs) arise when two such metal–insulator interfaces are
separated by a narrow gap across the insulator layer, transversely
confining the electromagnetic energy in metal–insulator–metal
(MIM) waveguides4. The characteristics of GPs coupled to various
MIM waveguide structures have been studied for about a decade.
Investigations have been reported on the effects of the metal film
thickness5, how the effective index of MIM waveguides depends
on the gap dimension6–11, and how deep-subwavelength confine-
ment can be achieved12–17, with gaps as narrow as 3 nm (ref. 18).
With deeper confinement, an increasingly larger fraction of the pro-
pagating mode energy is transferred from the waveguide insulator
into the surrounding waveguide metals19. Nanomechanically
varying the gap provides a way to tune the effective refractive
index of an MIM plasmonic device to electrically control the GP.
Such a control mechanism could be used in switching fabrics20


for photonic applications and reconfigurable plasmonic optics21.
Phase modulators, often used as active elements in photonic


switches, enable the flexible provision of communication channels
and the reconfiguration of networks at the physical layer. The appli-
cation requirements for switches are distinct from those of data
modulators: switching can often be slower than data modulation
rates, with a premium put on compactness, low power consumption,
wide optical bandwidth and low optical losses. As nanophotonic
optical communication architectures and technologies are being
developed in response to inter-chip and on-chip electronic bottle-
necks, more compact, low-power optical switch fabrics, with switch-
ing times of 1 μs to 10 ns, would enable new functionality, such as
flexible signal routing and dynamic reconfiguration of the optical
layer, architecturally analogous to electronic field-programmable
gate arrays.


Several different modulation principles have been proposed and
used to realize a variety of compact phase modulators. Most are
aimed at data modulation, and only recently have the ultimate


limits of size scaling been approached experimentally22. Non-
resonant devices have limited phase modulation strength per area
and include thermo-optical devices23 with large power dissipation,
very fast slot plasmon electro-optical devices22,24, where device size
is limited by the Pockels effect, and electromechanical devices25.
Optically resonant electro-optical26 and electromechanical27,28


devices achieve higher phase-modulation strength at the expense of
reduced optical bandwidth. Semiconductor and plasmonic
devices29,30 based on a change in carrier concentration tend to have
large absorption modulation, which results in high excess loss for
phase modulation. These, as well as optomechanical plasmonic–
resonance devices6, work well as intensity modulators, which are
not suitable for realizing passive 1 × 2, 1 ×N or N ×N switch fabrics.


Modulation principle
In this Article we propose and demonstrate a gap plasmon phase
modulator (GPPM), where the effective refractive index for in-
plane GP modes is varied strongly via electromechanical geometric
reconfiguration. The index increases approximately proportional to
the applied voltage squared, a dependence similar to the electro-
optic effect in Kerr-nonlinear materials (Supplementary Section
3). GPs are broadband optical propagating modes4,10 that can be
vertically and laterally confined to sub-100 nm gaps between two
metal layers, forming some of the smallest known optical wave-
guides and resulting in significant field enhancements15,18,31,32.
Low-loss coupling into such small GP waveguides has been demon-
strated15,33, making possible efficient connections to conventional
dielectric waveguides for long-distance interconnects.


The GPPM exploits the high sensitivity of the GP phase velocity
to changes in the gap size by making one of the metal layers
mechanically moveable via electrostatic actuation. No optical reso-
nator is used to enhance the phase modulation and there is no
low-frequency guided mode cutoff34, making the modulation
principle optically broadband, capable of operating from the
visible to the far-infrared8,35–37. The phase modulation strength
per area of our experimentally demonstrated GPPM is comparable
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to that of resonant devices and an order of magnitude better than
that achieved in mechanically tuned dielectric slot waveguides25.
Although in dielectric slots the effective index tends to a fixed
value as the gap is reduced, in GPs it continues to increase
steeply, underlying the unique GPPM scalability.


The nature of confined energy modes at optical frequencies in
plasmonic devices can itself be understood as electro-mechanical38


as opposed to electromagnetic, with the kinetic energy of electrons,
together with the Coulomb energy, playing a critical role and
enabling localization at much smaller scales. This confinement
comes at the expense of increased losses through inelastic electron
scattering, which may impose fundamental limitations on the
scaling of any plasmonic device and thus should be thoroughly
understood. We present an analytical investigation showing,
remarkably, that our GPPMs can be scaled down by at least a
factor of 100 in area, while maintaining the greater than π rad
modulation depth and ≈5 dB optical loss. The optomechanical
modulation strength increases with decreasing gap, and the propa-
gation losses can be kept constant by shortening the device length.


Experimental
The details of the GPPM are shown in Fig. 1. Figure 1a shows the
GPPM located in a Mach–Zehnder interferometer (see Methods).
A close-up shows the GPPM to be an electrostatically tunable
gold–air–gold waveguide fabricated from a gold–SiO2–gold MIM
stack (see Methods) with a device-dependent initial air gap,
g0 ≡ g(V = 0), of ≈270 nm to 280 nm. The top gold film is patterned
into 11 suspended deformable metal bridges, each 23.0 ± 0.5 μm in
length and 1.50 ± 0.07 μm wide, supported at both ends by SiO2


pillars. A GP, launched via grating coupling with a focused free-
space excitation laser, propagates underneath and along the


bridges. A focused reference beam, split from the excitation laser
and incident at 13.2°, interferes with the plasmon at the out-
coupler slit. Light is collected from below and imaged onto a
camera. As shown in Fig. 1c–e, when a voltage is applied, the elec-
trostatic force deforms the bridges downwards into an approxi-
mately parabolic shape, narrowing the MIM gap at the bridge
centre, g(V), by ≈80 nm (device-dependent) as the voltage increases
up to a maximum of 7 V and phase-retards the GP. To avoid elec-
trostatic ‘pull-in’39, where the top gold bridges snap down to the
bottom gold surface, the bridges are not actuated beyond one-
third of g0. To measure the GPPM optical performance, a 780 nm
wavelength Gaussian laser beam is focused from above onto an
in-coupler grating cut into the top film at the GPPM input, launch-
ing a collimated Gaussian GP mode into the device propagating in
the x-direction (Fig. 1a–c). An out-coupler slit, parallel to the
y-direction at the output of the GPPM, is used to sample the modu-
lated plasmon using a microscope from below. A window in the top
gold film, above the out-coupler slit, allows the introduction of a
tilted-reference optical beam for phase-sensitive imaging of the
modulated plasmon. Using a Mach–Zehnder type interferometer
with the reference split off from the excitation laser, both the GP
phase retardation and optical loss are measured as a function of
g(V) by electrostatically controlling the GPPM bridge displacements
(Fig. 1). Optical micrographs of the out-coupled GP light are col-
lected with and without the reference optical beam at different
applied d.c. voltages. The interference and GP-only intensity pro-
files are extracted by integrating the micrograph data in the x direc-
tion, normal to the slit (see Fig. 2a, top, for a representative
interference micrograph).


Figure 2 shows these profiles at different applied voltages for one of
the devices. The interference patterns shift to the right as the GP
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Figure 1 | GPPM. a, Schematic of set-up. Laser light is split into excitation and reference paths and coupled through the top objective to the in-coupler
grating and out-coupler slit, forming a Mach–Zehnder interferometer. GPPM zoom-in: MIM gap plasmons are directly launched via grating coupling with a
focused free-space excitation laser, propagate under the 11 gold bridges, and exit as SPs to the bottom gold–air interface. A focused reference beam, split
from the excitation laser and incident in the y–z plane at 13.2°, interferes with the plasmon at the out-coupler slit. Light is collected from below and imaged
onto a camera. Electrostatic actuation of the bridges towards the substrate phase-retards the GP. g(V) is the minimum gap when the bridge is actuated.
b, Scanning electron micrograph of the GPPM with cartoon overlays of the excitation and tilted reference lasers, propagating GP and interference fringes at
the out-coupler. The 11 bridges are 1.5 μm wide, separated by 150 nm. c, Interferometric micrograph showing GPPM bridges actuated towards the substrate
with 6.5 V. Depth is exaggerated and colour-coded for clarity (see Methods). d, Electrostatically actuated bridge displacement profiles. e, Bridge
displacement g(0)–g(V) at the middle versus actuation voltage. The solid red line is a guide for the eye. Inset: bridge’s displacement amplitude versus
frequency of applied harmonic electrostatic excitation. The line is a simple harmonic oscillator fit.
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phase is retarded with increased voltage, while in the absence of the
reference beam the main change is a slight decrease in plasmon inten-
sity. The GP-only profile shapes (Fig. 2b) are fit by a common
Gaussian profile with intensity as the only adjustable parameter for
each voltage, as they are created by the Gaussian excitation beam
focused on the in-coupler grating. The interference profiles
(Fig. 2a) are fit well by the expected interference pattern40 between
the known, common reference Gaussian beam and the measured
GP-only intensity data for the particular voltage from Fig. 2b. The
good agreement indicates that the GP remains collimated with a
flat wavefront, and no phase distortion is introduced by the GPPM.
The GP phase relative to the reference beam is the only adjustable
parameter for each profile fit, and the intensity of the reference
Gaussian is a single extra adjustable parameter that is common for
all the interference micrographs for a given device. All other par-
ameters including the reference Gaussian width, centre and the
wavefront angle are separately measured and fixed (see Methods).


Figure 3a shows the phase change induced by the GPPM with
0.0–7.0 V applied, as a function of g(V), which is measured at the
narrowest point at the centre of the device. The excess optical
power loss, caused by the narrowed gap under the actuated
bridges, can be seen in Fig. 3b, which plots the integrated areas
of Gaussian intensity fits from Fig. 2b normalized by that of the
unactuated device. A phase shift exceeding 5 rad is achieved,
while the corresponding excess loss is near 30% (1.7 dB) (gold
data points in Fig. 3) when g(V) is tuned by approximately 30%,
from 270 nm to 190 nm.


The GPPM has an average optomechanical modulation strength
of 52 ± 4 mrad nm−1, producing a maximum 3π/2 rad phase shift,
which can be compared to the π/2 rad shift demonstrated in a
170-μm-long optomechanical dielectric device25. A modulation
range in excess of π rad is required by many practical switching
and modulation applications. To understand the GPPM perform-
ance we developed semi-analytical models of one dimensional GP
propagation as well as a comparison to electro-optic modulation
(Supplementary Section 2b). The analytic results for GP phase
shift and intensity calculations agree well with the measured data
(Fig. 3a,b solid line). The calculated intrinsic insertion loss
through an unactuated device is 5.3 dB.


Scaling analysis
Unlike dielectric waveguides, MIM waveguides support a guided
mode for any frequency below the SP resonance and for gaps
down to the single nanometre range (below that, local classical
theory begins to break down)41. The effective index increases and
the GP wavelength decreases dramatically in small gaps6,8,18.
Moreover, the strength of the phase modulation in this geometry
increases (Fig. 3a, inset) approximately inversely with the square
of the gap, dϕ/dg ∼ 1/g02, in agreement with previous theoretical
analysis8, making it particularly appealing for nanoscale motion
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sensing and on-chip optical actuation in applications where strong
yet broadband optomechanical coupling is required. Decreasing g0
increases optical propagation losses, as a larger fraction of the
optical power travels inside the metal. If the bridge length (optical
travel distance) is also decreased, for each length there is a corre-
sponding g0 (Fig. 4a, inset) such that the insertion loss (loss
through an unactuated device) remains constant, for example, at
1/e power (4.3 dB), with length scaling ∼g0


0.8. The striking result
shown in Fig. 4a,b is that if we scale down the GPPM dimensions
in this way, we will maintain the phase modulation range without
incurring a loss penalty while simultaneously reducing both the
length and g0, by an order of magnitude or more, as the calculated
phase and excess loss versus g(V) plots illustrate. In fact, the phase
modulation range stays constant with miniaturization for a given
optical loss. For g0 much smaller than the SP evanescent decay dis-
tance, universal scaling emerges between the phase shift and the
excess loss such that they are linearly related regardless of g0; for
example, as g(V) is decreased to 72% of g0, the phase modulation
stays constant at π rad and there is a small excess loss of 0.8 dB
(Fig. 4b, inset), independent of the device scale.


For static MIM devices it has already been shown that the lateral
dimensions can be scaled down together with g0 and that low-loss
coupling from larger mode waveguides suitable for long-distance
signal transmission can be achieved14,15. A coupling efficiency of
>70% has been demonstrated, coupling from a waveguide 500 nm
wide × 200 nm high to an 80 nm× 17 nm waveguide using a 29°


linear coupling taper15. As long as the device width is larger than
g0, the optical mode remains well-confined in the gap under the
bridge15. Our GPPM model is quantitatively valid for device widths
larger than approximately half the GP wavelength (estimated as
710 nm in the experiment, neff ≈ 1.1). As the effective index increases
and GP wavelength decreases with g0 (≈370 nm and neff ≈ 2.1 for
g0 = 17 nm), the width of the device can also be reduced further. By
way of example, an approximate linear downscaling by 10× keeps
losses near 5 dB in a broadband, non-resonant modulator with a
footprint of <1 μm2 (g0 = 17 nm, 400 nm bridge width and 2 μm
bridge length). In such a scaled GPPM the optomechanical
modulation strength is increased approximately inversely with g0 to
≈560 mrad nm−1, despite the length decrease. Importantly, the elec-
trostatic actuation amplitude also scales favourably with miniaturiza-
tion. Within the applicability of linear beam-bending theory without
in-plane stress, the shape of the deformation remains self-similar and
the same percentage gap actuation can be achieved stably, without
electrostatic pull-in, with voltage that scales as V2 ∼ g0


3/L4t3, where
L is the bridge length and t is the bridge thickness (see Methods).
The displacement available before pull-in is always sufficient for π
phase modulation, as both scale inversely with g0. Given the
bridge-length/g0 combinations chosen according to the chosen
scaling constraint of the inset to Fig. 4a, V ∼ t3/2 is constant at fixed
bridge thickness and approximately independent of the bridge
length and g0. If necessary, the bridge thickness can easily be scaled
down by a factor of 4 or more (while staying well above the optical
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pull-in. Regardless of g0, for the same percent actuation depth, the phase shift is almost constant as indicated by the horizontal rows of identically coloured
points. b, Calculated excess loss versus g(V) using the same bridge lengths described. Excess loss is defined relative to the unactuated state. The same
universality is seen here. For example, ≈72% actuation of g0 gives ≈0.8 dB loss (dashed line). Inset: phase shift versus excess loss is linear and independent
of device scale.
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skin depth of ≈25 nm), reducing the actuation voltage below 1 V, to a
level compatible with low-voltage CMOS circuitry. Electrical break-
down in dry air at these voltages should be avoidable, because such
breakdown between platinum nanotip cathodes and plane gold film
anodes has been measured to be linear down to 20 V for a 40 nm
gap, extrapolating to 8.5 V for a 17 nm gap42. In vacuum, scanning
tunnelling microscopy measurements between tungsten tips and
silicon43 show tunnelling currents of only 1 nA at 8 V over a much
smaller, ≈2.3 nm gap.


The inset to Fig. 1e shows that the realized GPPM has a reson-
ance frequency of 812 ± 6 kHz, an air-damping-dominated quality
factor of 2.74 ± 0.14 and was actuated at a drive frequency up to
1 MHz. While we emphasize that a very high modulation frequency
is not required for the envisioned on-chip optical switching and
reconfiguration applications, the mechanical resonance frequency
scales as ∼t/L2 and is able to increase up to ≈100 MHz with fixed
bridge thickness and drive voltage. The expected lifetime of
the devices should far exceed gold-bodied micromechanical
switches that have achieved over 10 billion cycles because the
GPPM avoids contacting surfaces that are the main failure mechan-
ism of the switches44,45. Furthermore, non-plasmonic nanomecha-
nical cantilever devices of similar dimensions have been made
operating up to 1 GHz with careful material choice46,47, and such
a fast, yet ultrasmall modulator can potentially operate at low
voltage with the use of piezoelectric actuation48–50.


Discussion
Considering the negligible power dissipation of its electrostatic
drive, actuation voltages at the level of the smallest high-speed tran-
sistors, length scale and feature size at the level of CMOS metalliza-
tion layers, broadband optical operation and reasonable speed, we
argue that a GPPM can play a unique and important role as a build-
ing block for optoelectronic integration. A device with these features
is particularly well suited as an element for on-chip reconfigurable
switch fabrics for future dynamic inter- and intra-chip optical
communication architectures.


Passive 3 dB couplers and single-mode waveguides can be
implemented in a narrow-gap MIM together with phase modulators
to form, for example, Mach–Zehnder 2 × 2 switches (such as an
ultrasmall 2 × 2 nanomechanical plasmonic switch51). It is possible
to array modulators side by side to form spatial plasmon modulators
and implement, for example, single-stage 1 ×N switching and arbi-
trary multiport beamsplitting—functionalities demonstrated using
spatial light modulators in free space. This may enable reconfigur-
able routing of photonic signals or reconfigurable flat plasmonic
optics, where local phase modulation across an extended GP wave-
front could be used to shape, focus or guide GP propagation via
independent actuation of multiple adjacent modulators. The
authors chose a multiple-bridge GPPM as a step in that direction
when a single bridge device would have sufficed.


We do not envision our devices competing with Pockels-effect
devices22,24 for fast modulation, but instead we are exploring the
limits of scalability. To that end, a scaled-down 2-μm-long GPPM,
analytically described and depicted in Fig. 4 and with an applied
voltage of 1 V, would yield a π voltage–length product of 2 V μm,
more than an order of magnitude smaller than the state of the
art22. Additional analysis comparing Pockels-effect modulation scal-
ability in MIM structures with a GPPM (Supplementary Section 2b
and Fig. 3) suggests that the plasmonic losses make it difficult for
the Pockels devices to maintain the modulation range and low inser-
tion loss while continuing to scale down, as the GPPM does.


Conclusion
In summary, we have experimentally demonstrated exceptionally
strong optomechanical transduction with low optical losses in elec-
trostatically actuated nanoscale-gap MIM plasmon modulators. The


23-μm-long GPPMs, with an average optomechanical modulation
strength of 52 mrad nm−1 at 780 nm, achieved a maximum of
5 rad of phase modulation with low insertion and excess losses.
An analytical model in good agreement with the measurements
argues for direct miniaturization of these devices to a sub-1 μm2


footprint, without any degradation in optical performance and
with an increase in speed and decrease in actuation voltage. This
new concept enables a new class of on-chip optical switching and
optical circuit reconfiguration functionality.


Methods
Nanofabrication and operation. A gold–SiO2–gold stack, composed of sputtered
gold and PECVD (plasma-enhanced chemical vapour deposition) SiO2 layers (all
three 220 ± 5 nm thick), was deposited onto nominal 500-µm-thick borosilicate
glass with an ≈10 nm chromium adhesion layer located between the substrate
and bottom gold layer and an ≈2-nm-thick titanium adhesion layer on either side of
the SiO2. All device features, except the out-coupler slit, were lithographically
written with electron-beam lithography using ≈500 nm poly methyl methacrylate
(PMMA) electron-beam resist. After resist development, device components
were argon ion-milled into the top gold layer. The bridges were released by wet-
etching of the underlying SiO2 in 6:1 buffered oxide etch (BOE) with subsequent
CO2 critical-point drying. The SiO2 was completely removed everywhere below
the lithographic patterns, leaving a lateral undercut of ≈2.5 µm. After release, the
SiO2 pillars supporting the bridges at their ends were ≈3 µm wide in the direction of
GP propagation. The out-coupler slits were ≈150 nm wide by ≈20 µm long, and
were cut with a focused ion beam (FIB). The suspended in-coupler gratings,
composed of strips ≈18 µm long and ≈400 nm wide with periods of ≈720 nm
and ≈760 nm, were electrically grounded to avoid unintended actuation.


An electrically isolating 2-µm-wide trench in the top gold layer surrounded the
GPPM components (for partial view see Fig. 1b). A narrow wire nanofuse
(Supplementary Fig. 1e,f ) connected the area inside the trench to that outside to
allow charging to dissipate during scanning electron microscopy and FIB. The
nanofuses were electrically severed before electrostatic bridge actuation. The
actuation voltage between the bridges and the bottom gold film was applied via
probes electrically connected to the top and bottom films.


The GP-only intensity profiles in Fig. 2a exhibit some non-Gaussian features
that we attribute to small fluctuations in the heights (gaps) of individual bridges on
the relief of stress in the top gold and PMMA during release. This effect varied from
device to device and can be seen in Fig. 3b as intensity variations as the gap narrows.


Interferometer. A Mach–Zehnder type interferometer was used to measure the
phase shift between a GP and a reference laser beam. This consisted of an inverted
microscope custom-fitted with a top excitation objective and beam-steering optics.
Laser light (λ = 780 nm, linewidth < 200 kHz, power ≈ 0.2 mW) was fibre-
coupled to the top, collimated to ≈1.5 mm and incident on a 50/50 beamsplitting
cube. Half of the light was directed to the objective and the other half formed a
reference beam, circling back on itself using adjustable mirrors over an ≈20 cm
path length before also travelling into the ×10 excitation objective. The excitation
beam, an 8-μm-diameter focused spot, was placed onto the in-coupler grating,
directly launching a GP through the waveguide. The reference beam was focused
onto the out-coupler slit at a 13.2 ± 0.05° angle with respect to the normal. Near the
out-coupler slit, the top gold film was removed and the GP from the device
continued to propagate as an SP on the gold–air interface. The propagation distance
between the in-coupler and out-coupler was 60 μm, which is much smaller than the
estimated Rayleigh range of 165 μm, the estimated Rayleigh range of the plasmon. At
the slit, the reference beam interference with the propagating SP developed into
fringes. Gap narrowing by electrostatic beam actuation caused GP phase velocity
retardation, and thus shifted the interference fringes from their initial positions. The
angled reference beam was chosen to show multiple interference fringes across the
out-coupler slit. For each device the reference beam intensity was adjusted to
maximize the interference visibility before voltages were applied.


The reference incidence angle was measured with no device in place by analysing
a series of images of the reference laser spot as it moved across the microscope
objective focal plane as the objective was translated vertically by a known amount.


Static and dynamic displacement measurement. A commercial white-light optical
profiler with diffraction-limited in-plane resolution and out-of-plane resolution
below 1 nm was used to measure the vertical bridge displacements. The dynamic
mechanical response of the GPPM was measured with a strobed white light using
harmonic actuation voltages (1.5 V peak-to-peak sine wave with a 0.75 V d.c. bias)
up to 1 MHz. The strobed pulses were phase-delayed for a phase-sensitive motion
measurement. The response amplitude can be seen in Fig. 1e where it is fit by a
dampened harmonic oscillator model.


Gaussian interference fits. The phase difference between the GP and reference laser
was extracted from Gaussian interference fits of the measured interference profiles in
Fig. 2a and is the only variable used. The fits use (1) GP-only intensity profile data
like that in Fig. 2b; (2) Gaussian reference beam parameters (width, peak
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position and integrated area) extracted from measured interference profiles and with
the reference beam intensity maximized; and (3) the independently measured
reference incidence angle (Fig. 1b). Fits from the data of one device are plotted in
Fig. 2a. The results in Fig. 3 from several devices are the same within experimental
error when adjusted for the initial phase differences caused by slightly different
unactuated gaps.


Uncertainty. The uncertainties reported throughout the manuscript represent
one standard deviation (1 s.d.) statistical uncertainties, unless otherwise indicated.
The uncertainty in device sizes is given by a conservative estimate of the scale
calibration accuracy of the electron microscope used. The uncertainties in the g(V )
values are standard deviations of g(V ) under different bridges in a single device
with a given applied voltage, and are probably due to mechanical variations from
bridge to bridge. The measurement imprecision and errors in actuation repeatability
are much smaller. The uncertainty in the phase measurement is dominated by the
slow drift of the optical wavelength, which results in a phase drift between the
excitation and reference beams passing through unequal paths. We therefore
make separate reference unactuated phase measurements before and after each
non-zero voltage phase measurement. We used the variation in the unactuated
measurements to establish the statistical phase measurement uncertainty
reported (the statistical uncertainty of the fitting procedure for each individual
interferogram is much smaller).


Theory. To theoretically understand the GPPM performance we developed a
semi-analytical model of one-dimensional GP propagation, assuming an
infinitely wide plane-wave GP, quadratic bridge profiles, semi-infinite MIM gold
layers and vacuum in the gap. The device was broken into 1 nm intervals in the
direction of GP propagation, with each interval assigned a gap-dependent effective
refractive index and the corresponding wavenumber. Using continuity boundary
conditions from Maxwell’s equations, the phase shift and intensity were
cumulatively calculated. The analytic results of GP phase shift and intensity
calculations agree well with measured data (Fig. 3a,b solid line; Supplementary
Section 1). Although the modelling procedure includes both forward- and
backward-propagating waves, under the experimental conditions the gap
changes adiabatically and the back-propagating power was found to be negligible
throughout the model.


Mechanics. The electrostatic pressure P at the cantilever bottom is proportional to
(V/g)2. Within the applicability of linear elastic beam bending theory without in-
plane stress, the shape of the deformation remains self-similar with size scaling, and
the magnitude z is proportional to PL4/t3, so if we require z ∼ g, then g ∼ (V/g)2L4/t3


or V2 ∼ g3t3/L4.


Received 25 September 2014; accepted 17 February 2015;
published online 30 March 2015
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ABSTRACT: Efficient and bright single photon sources at room
temperature are critical components for quantum information systems
such as quantum key distribution, quantum state teleportation, and
quantum computation. However, the intrinsic radiative lifetime of
quantum emitters is typically ∼10 ns, which severely limits the
maximum single photon emission rate and thus entanglement rates.
Here, we demonstrate the regime of ultrafast spontaneous emission
(∼10 ps) from a single quantum emitter coupled to a plasmonic
nanocavity at room temperature. The nanocavity integrated with a single
colloidal semiconductor quantum dot produces a 540-fold decrease in
the emission lifetime and a simultaneous 1900-fold increase in the total
emission intensity. At the same time, the nanocavity acts as a highly efficient optical antenna directing the emission into a single
lobe normal to the surface. This plasmonic platform is a versatile geometry into which a variety of other quantum emitters, such
as crystal color centers, can be integrated for directional, room-temperature single photon emission rates exceeding 80 GHz.


KEYWORDS: Plasmonics, quantum dots, nanocavity, nanocube, single photon source, quantum optics


The most common way to generate single photons is to use
spontaneous emission from a two-level system, which


cannot emit more than one photon simultaneously.1,2 Typical
two-level solid state systems used as single photon sources
include molecules,3 colloidal4,5 and epitaxial quantum dots
(QDs),6,7 and color centers in crystals such as diamond8−10 and
silicon carbide.11 A number of factors limit the maximum
photon count rate from these emitters including low collection
efficiency and low quantum yield. However, the most
fundamental limitation on the maximum photon rate is the
relatively long intrinsic lifetime (∼2−20 ns) of the electronic
excited state of typical emitters.
To increase the spontaneous emission rate of the excited


state, and hence the maximum single photon rate, the emitter
can be placed in a photonic environment with an increased
local density of optical states.12 This increased spontaneous
emission rate, known as the Purcell effect, can be achieved by
integrating the emitter into an optical cavity with either a small
mode volume or a high quality factor (Q). Microcavities with
high quality factors have been coupled to nitrogen vacancy
centers in diamond10,13 and epitaxial QDs.14−16 Yet, despite
intensive efforts in the past decade, the maximum enhance-
ments in the spontaneous emission rate (Purcell factors) for
single emitters have been limited to Fp ≈ 30. In addition to the
limited enhancements, high-Q cavities require good spectral
matching between a narrowband emitter and the narrowband
cavity resonance, involving challenging nanofabrication and
limiting scalability, and hence high-Q cavities are inherently
unsuitable for broadband room temperature emitters.


Alternatively, quantum emitters can be integrated with
plasmonic structures, which can offer small optical mode
volumes while having a relatively low Q, which avoids the
challenge of spectral matching the emitters to the cavity. Single
photon emitters coupled to plasmonic structures have been
demonstrated using molecules,17 nitrogen-vacancy centers in
nanodiamonds,8 diamond pillars,9 epitaxial QDs,18 and colloidal
QDs.5,19,20 However, as with dielectric cavities, the Purcell
factors for single emitters have thus far been limited to ∼30 due
to relatively large mode volumes. Larger enhancements in the
total decay rate have been observed, but the role of radiative
rate enhancement is unclear21 or the nonradiative quenching is
dominant.20 A promising geometry that has been theoretically
proposed as a single photon source is the plasmonic patch
antenna,22 which consists of a flat metal nanoparticle situated
over a metal ground plane. This structure has been used for
large Purcell enhancement of ensembles of molecules,23


ensembles of QDs,24,25 and few or single QDs showing
multiphoton emission;26 however, single photon emission has
remained an outstanding challenge until now.
Here, we report ultrafast spontaneous emission with a


lifetime of ∼10 ps from a single QD coupled to a plasmonic
structure that acts both as a small mode volume nanocavity and
a nanopatch optical antenna. This emission lifetime corre-
sponds to a detector-limited 540-fold enhancement in the
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spontaneous emission rate. At the same time, because of the
optical antenna geometry, the emission is also highly directional
and has a high quantum efficiency. The nanocavity is composed
of a colloidally synthesized silver nanocube27,28 separated from
a gold film by a single colloidal QD and polymer layers (Figure
1a−c). Three nanometer polymer layers above and below the
QD create a ∼12 nm gap between the metal film and the
nanocube, which supports a highly confined plasmonic cavity
mode. The nanocavity can also be considered a nanoscale patch
antenna that has a single radiation lobe normal to the surface,


which has an angular full width of ∼100°. Our previous work
has demonstrated through simulations and Fourier-space
imaging that the emission from these nanoantennas can be
collected with 84% efficiency using a 0.9 NA objective.23


Although these earlier measurements were done with
ensembles of emitters, single optimally coupled emitters, such
as QDs, couple to the same mode and hence should have the
same radiation pattern in the far field.
The small mode volume cavity is defined by the bottom


surface of the nanocube, the gold film, and the edges of the


Figure 1. (a) Illustration of a single colloidal QD in the gap between a silver nanocube and a gold film, emitting single photons. (b) Cross-sectional
schematic of a single QD embedded in the nanocavity, with the ∼6 nm diameter QD located near the corner of the nanocube, where the field
enhancements are the largest. (c) SEM image of the sample structure, showing individual QDs and a single nanocube. Some nanocavities contain a
single QD in the gap between the nanocube and gold film, which is not visible in SEM images. (d) Simulated enhancement in the spontaneous
emission rate γsp relative to the free space rate γsp


0 for a randomly oriented dipole as a function of lateral position in the gap. A single QD is
schematically shown near the corner where rate enhancements of ∼2000× are expected. (e) Measured scattering spectrum of a single nanocavity
(blue) showing a fundamental resonance at λnp = 630 nm. Also shown is photoluminescence (PL) from a single QD coupled to the same antenna
(red), with an emission spectrum that overlaps well with the plasmonic resonance.


Figure 2. (a) Second-order photon correlation measurement, g2(t), from a nanocavity at an incident excitation power of 30 nW. The correlation
function shows single antibunched photon emission with g2(0) = 0.32 and a decay lifetime of τ < 250 ps, which is limited by the 250 ps time bins
used in this measurement. Inset shows diagram of the photon correlation measurement setup. (b) The correlation function for a single QD on glass,
with g2(0)= 0.17 and a much longer decay lifetime of τ = 7 ns. The g2(t) functions were normalized without subtracting the background due to the
dark counts of the photodetectors (∼20−30 counts/s).
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nanocube. The field confinement results in large enhancements
in the spontaneous emission rate of dipole emitters embedded
in the gap region. By using full-wave simulations, the Purcell
enhancement is found to be spatially dependent across the
nanocavity as shown in Figure 1, panel d. For randomly
oriented dipoles, the largest enhancements occur near the
corners of the nanocube and reach a factor of Fp ≈ 2000, as
determined from finite element simulations (Supporting
Information). These large enhancements occur at the
fundamental resonance of the nanocavity, which is identified
by white light scattering spectra. Figure 1, panel e shows the
white light scattering spectrum of a single antenna with a
resonance wavelength of 630 nm for a nanocube dimension of
∼75 nm. QDs are chosen with an emission spectrum at 630 nm
to provide maximum spectral overlap with the plasmonic mode.
Critically, the nanocavity also acts as an efficient optical
antenna: emission that is coupled to the plasmonic mode is
radiated into free space with high efficiency (∼50%) and, as has
been shown in prior work,23 has a high collection efficiency
using free space optics of ∼84%. Additional loss mechanisms of
the antenna, such as coupling to surface plasmon modes,29 may
contribute to a slightly lower radiative quantum efficiency.
The nanocavities are fabricated by spin coating CdSe/ZnS


core−shell QDs on a 50 nm gold film coated with a 3 nm
polymer adhesion layer (Methods section). The typical
separation between QDs on the surface is greater than 100
nm, as determined by scanning electron microscopy (SEM)
images of the sample (Figure 1c), to increase the probability of
single QDs being coupled to the nanocavities. The silver
nanocubes are deposited from solution and adhere to the
polymer layer forming the nanocavities, some of which contain
a single embedded QD. Nanocavities coupled to QDs are
identified by photoluminescence (PL) imaging. Only nano-
cavities with a resonance wavelength of λ ≈ 630 nm are
selected, as determined from the white light scattering
spectrum. Steady-state and time-resolved PL measurements
were performed on the selected nanocavities using a diffraction
limited laser spot. At present, the process of integrating single
QDs into the nanocavities is statistical, determined by the
random adhesion of nanocubes to regions that contain a single
QD. We find that ∼1% of nanocubes have an optimally coupled
single QD in the gap region, as determined by fluorescence
intensity measurements. Future work may exploit deterministic
positioning of QDs in the nanocavities for optimal coupling, for
example, using DNA-templated assembly.30


Figure 2, panel a shows the second order photon correlation
measurement, g2(t), for a representative nanocavity coupled to
a single QD, measured using a Hanbury−Brown Twiss setup
with continuous-wave excitation at λ = 488 nm (Methods
section). The correlation function shows a distinctive dip at t =
0 with g2(0) = 0.32, which demonstrates the coupling of a
single QD to the nanocavity. The residual correlated emission
at t = 0 may be explained by detector dark counts, background
fluorescence signal from nearby QDs, or weak multiphoton
emission31 from the coupled QD. However, if multiphoton
emission is present, it is very weak because these measurements
are performed well below the saturation intensity at which
multiexciton generation and suppressed Auger recombination
would occur and because the observed second order photon
correlation measurement is well below 0.5 at t = 0. The decay
lifetime of the correlation function has an upper bound of τNPA
< 250 ps, which is limited by the 250 ps time bin used in this
measurement. Similar correlation results were obtained on ∼12


other nanocavities each coupled to a single QD (Supple-
mentary Figure 2). For comparison, a single QD on glass also
shows single photon emission, with g2(0) = 0.17, but with a
much slower decay time of τglass = 7 ns (Figure 2b). These
measurements give a lower bound on the Purcell enhancement
for a single QD of Fp = 28, which is limited by the time binning
used in this measurement.
To better resolve the lifetime of the single photon emitter,


we measured the time-resolved emission dynamics using pulsed
excitation at λ = 535 nm and a single photon detector (Figure
3a). The same nanocavity as described in Figure 2 shows a


biexponential decay with a fast lifetime of τNPA = 13 ps from a
fit to the data and is limited by the instrument response
function (IRF) of the detector, which has a full-width at half-
maximum of ∼30 ps. The fitting was performed by convolving
the measured IRF with a biexponential function. From the fit, it
was determined that a large majority of the photons (97%) are
emitted during the fast component of the decay. The slow
component could be attributed to orthogonal emission dipoles
of the QD32 that are not optimally oriented relative to the
dominant electric field component in the cavity. In contrast, a
single QD on glass shows a PL decay lifetime of τglass = 6.8 ns,
in agreement with the lifetime obtained from the correlation


Figure 3. (a) Time-resolved PL from a single QD coupled to a
nanocavity (red), showing a biexponential decay with a fast
component of τfast = 13 ps and a slow component of τfast = 680 ps.
The fast component is limited by the IRF of the avalanche photo diode
detector, also shown (light gray). The lifetime of a single QD on glass
is τglass = 6.8 ns (blue). (b) Histogram of the extracted fast decay
components of 13 coupled single QDs.
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measurements earlier (Figure 2b). QDs on a gold film without
the nanocubes show weak emission with a relatively long
lifetime of 0.8 ns,25 indicating that excitation laser light or
uncoupled QD emission are not contributing to the intense and
fast emission seen in Figure 3. The observed decay lifetime of
13 ps indicates a detector-limited lower bound for the Purcell
factor of Fp ≥ 540 for a single QD coupled to a nanocavity.
From the intrinsic quantum yield of QDs on glass of QY0 =
20% and the quantum yield of the nanocavity of QY = 50%, the
radiative rate enhancement for this single coupled quantum dot
is γr/γr


0 = (τglass/τfast)(QY/QY0) = 1350. According to
simulations, the Purcell factor (the enhancement in the total
decay rate) approaches Fp = 2000 if the QD is optimally
positioned near the corner. Similar decay dynamics were
observed from 12 other coupled single QDs, and their extracted
fast decay components are summarized in the histogram in
Figure 3, panel b. Other nanocavities were observed that
showed nonoptimal coupling to single QDs due to the random
relative position between the nanocubes and the QDs.
A key question is whether the short emission lifetime is due


to nonradiative plasmon decay or due to enhancement of the
radiative rate. To answer this, we compare the time-averaged
emission rate from a single QD on glass relative to a single QD
coupled to the nanocavity described earlier, using continuous
wave excitation at 488 nm (Figure 4). The coupled QD shows a


linear dependence between the excitation power and the
emission rate for incident powers below 1 μW, with a detected
count rate on the single photon detector of 500 kHz at 1 μW
excitation. In comparison, a typical QD on glass shows a
detected photon rate of 260 Hz at the same excitation power.
This relatively low detected count rate from the QD control
sample is due to the 1% transmission and detection efficiency of
our setup, the use of a relatively low numerical aperture
objective, and collection of fluorescence into free space rather


than through the substrate into which most of the emission is
coupled.
The 1900-fold increase in the steady-state emission rate from


a single QD can be expressed by the fluorescence enhancement
factor


η
η
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γ θ
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which is composed of three factors. (1) The angular emission
pattern of the QD is modified by the nanocavity such that the
collection efficiency is estimated to be η = 84% using an
objective lens with an NA = 0.9. Meanwhile, a randomly
oriented QD on glass has a collection efficiency of only η0 =
19% using the same objective. (2) The QD absorption rate at
position r and dipole orientation angle θ in the nanocavity is
γex, which is enhanced relative to the excitation rate in free
space, γex


0 , even under nonresonant excitation at 488 nm. The
enhancement in the excitation rate is calculated to be a factor of
γex/γex


0 = 225 for a vertically oriented dipole near the corner of
the nanocube where the largest Purcell factors occur
(Supplementary Figure 1). (3) The radiative quantum yield
of the emitter is modified by the nanocavity and is predicted to
be QY = 50% relative to the estimated quantum yield of QY0 =
20% for QDs on glass. This intrinsic quantum yield is inferred
from the 7 ns measured PL lifetime of QDs on glass and the 32
ns radiative lifetime for CdSe core−shell QDs in solution.33 By
combining all three effects, we predict a total emission
enhancement of EF = 2500, which is in qualitative agreement
with the maximum measured enhancement of EF = 1900. This
agreement indicates that the quantum yield for emission of
photons is high for optimally coupled QDs and that the large
Purcell factor is due to an enhanced radiative rate rather than
nonradiative quenching. Additionally, by comparing the count
rates from single QDs coupled to eight nanocavities and 12
single QDs on a glass slide, we extracted an average
enhancement factor of EF = 495, indicating situations in
which the QDs are not optimally situated under the nanocubes.
Having established the ultrafast decay dynamics due to


Purcell enhancement and high quantum efficiency, we now
discuss the achievable count rates and future prospects for this
plasmonic platform. Given the maximum detected count rate of
1 MHz and the calculated 1% transmission and detection
efficiency of the setup, we estimate that the collected photon
count rate into the objective lens is 100 MHz. Saturation of the
QD emission was not possible due to eventual photobleaching.
Given the short (<13 ps) excited state lifetime of the QD,
saturation is expected to occur at an emission rate of ∼80 GHz.
In the future, these count rates could be achieved by integrating
more photostable emitters into the nanocavity such as color
centers in diamond34 or silicon carbide.11


The plasmonic nanocavity coupled to a single QD acts as a
single photon source operating in the regime of ultrafast
spontaneous emission at room temperature. The detector
limited emission lifetime of 13 ps corresponds to a 540-fold
enhancement in the spontaneous emission rate of the QD and
points toward a single photon source operating at a rate
exceeding 80 GHz. The maximum ∼1900-fold enhancement in
the time-averaged emission intensity from the single QD shows
that the fast emission lifetime is due to enhancement of the
radiative rate rather than quenching. Furthermore, the antenna
action of the cavity results in a directional radiation pattern and
allows for high collection efficiency by free space optics or into


Figure 4. PL counts as a function of incident excitation power from a
single QD coupled to a nanocavity (red) and a single QD on glass
(blue). The PL intensity is linear with excitation power when the
power is <1000 nW for the coupled case. The maximum detected
count rate from this coupled QD in the linear regime is 1 MHz.
Compared to the single QD on glass at the same excitation power, the
emission intensity of the coupled QD is enhanced by a factor of 1900.
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a single mode fiber. By utilizing techniques developed for
dielectric cavities,16 single emitters could be deterministically
positioned and oriented, resulting in even larger enhancements.
Additionally, electrical excitation in this structure is promising
for future high-speed on-demand single photon generation.
Methods. Sample Preparation. The nanocavities are


fabricated by first depositing a gold film onto a clean glass
substrate by electron beam evaporation (5 nm Ti, 50 nm Au).
The sample was immersed in a 3 mM solution of poly-
(allylamine hydrochloride) (PAH) for 5 min, 3 mM
polystyrenesulfonate (PSS) for 5 min, and terminated with a
final step in PAH for 5 min. After each step (PAH or PSS), the
sample was rinsed with ultrapure deionized water and 1 min in
1 M NaCl. Each PAH/PSS step deposits a ∼1 nm polymeric
film with a surface positive/negative charge, and a final PAH
layer is used to promote adhesion of the negatively charged
QDs and nanocubes. CdSe/ZnS core−shell QDs (Sigma-
Aldrich) with a peak emission wavelength of 630 nm and oleic
acid ligands were diluted to a concentration of 0.01 mg/mL in
toluene. The diluted solution was spin coated onto the
prepared gold/PAH substrates at a speed of 1500 rpm for 60 s.
Silver nanocubes were synthesized by reduction of AgC2F3O2


using a previously described method.35 Following synthesis, the
nanocubes were centrifuged at 1500 rpm to select silver
particles of the desired size (∼75 nm) and resuspended in
deionized water. The stock nanocube solution was diluted 100-
fold; a droplet of the diluted solution was deposited on the
sample and then covered with a glass slide. This step allows the
nanocubes to adhere to the PAH layer. After 5 min, the
nanocube solution was washed off with water and the sample
dried with nitrogen gas.
Optical Measurements. Nanocavities were investigated on a


custom-built microscope,23 with all measurements done at
room temperature. A laser beam (continuous wave 488 nm
wavelength, 1 mW power) was defocused and sent onto the
sample through a 100× , NA = 0.9 objective. The PL was
collected through the same objective and passed through a 600
nm long-pass fluorescence filter and imaged onto an electron
multiplying charged coupled device camera. Nanocavities
resonant with one or more QDs appeared as bright diffraction
limited spots in the PL image. These identified particles were
moved to the center of the field of view and illuminated with
white light through a dark field objective. Scattered light from a
single nanocavity was imaged onto an imaging spectrograph to
determine the plasmon resonance. Only nanocavities with a
resonance of ∼630 nm were selected to ensure good spectral
overlap with QD emission. Once selected, the nanocavity is
excited with a focused continuous wave laser (488 nm
wavelength) at an incident power of <100 nW. To verify the
presence of a single QD, the PL is split by a nonpolarizing
beamsplitter and imaged onto a pair of single-photon counting
avalanche photodiodes (APD, 50 μm2 active area, Micro
Photon Devices). The detectors are connected to a time-
correlated single photon counting module (Picoharp 300,
PicoQuant Inc.) that measures the arrival times between
photons on the two detectors, producing the second order
correlation function. To measure the decay lifetimes in Figure
3, a pulsed laser (535 nm wavelength, 80 MHz repetition rate,
30 nW power) is used to excite the nanocavity, and the PL is
imaged onto a single APD with the arrival time of the photons
recorded relative to the laser pulse arrival.
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Mid term symposion May 6 
 
The real fun in Nanophotonics is to see the course concepts in action in current literature.  
We will have a mid-term symposion during the May 6 [Wednesday afternoon] 
session. 
 
Your assignment is: 


• to present a paper in 10 minutes, allowing in addition 2 minutes of questions.  
 


• In particular you are asked to put the papers in perspective of concepts presented in 
the class. A list of concepts that will have been all treated by the time of the 
symposion is posted below for your inspiration. You can contact any of the course 
assistants for input.   


 
• Focus on clearly explaining the essential message – if this means you have to skip 


some of the figures in the paper, that is fine. Better that the essence is clear, than 
that the talk is a complete report of the paper. 
 


• You are asked to  choose a paper from the collection available in LINK LINK 
On  SLACK in the channel Mid-term symposion you find a POST that has the list of 
papers.  You annotate  your name next to the paper of your choice 
 


• You can not choose a paper that was already  chosen.  Choose your paper no later 
than April 20 at noon.   I will assign the remaining people to papers. 


 


List of concepts  


Introduction [Mar 30] 


• Length and time scales 
• Maxwell equations without charge and current 
• Constitutive relations 
• Boundary conditions 
• Poynting flux and energy 
• Parallel momentum conservation 
• Fresnel problem 


Refractive index and plasmons [April 1] 


• Refractive index of dielectrics, Lorentz model 
• Refractive index of metals, Drude model 
• Guided modes and parallel momentum conservation 
• Surface plasmon polariton dispersion  relation 


Dispersion and metamaterials [April 6] 


• Dispersion, phase velocity, group velocity, pulse propagation 
• Kramers-Kronig and causality 
• Negative refraction 
• Perfect lens and cloak 
• Effective medium 







Photonic crystals [April 8 and 15] 


• Bragg diffraction 
• Stop gap 
• Transfer matrix method 
• Brillouin zone, repeated zone scheme dispersion 
• Blochs theorem 
• Reciprocal lattice 
• Band structure 
• Band gap 
• Waveguides and cavities 


Microcavities [April 20] 


• Quality factor 
• Finesse 
• Mode volume 
• Standing wave mode profile 


Scattering [April 28] 


• Extinction, scattering and absorption 
• Cross sections 
• Polarizability 
• Localized particle plasmons 
• Mie scattering 
• Phased array effect 


Emitter control [April 29] 


• Dipole transition  
• Fermi’s Golden Rule 
• Jablonski diagram, Stokes shift 
• Local density of states / radiative impedance 
• Purcell effect,  antennas and cavities 
• Shaping radiation patterns 
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The Starshot Breakthrough Initiative has challenged a broad 
and interdisciplinary community of scientists and engineers 
to design an ultralight spacecraft or ‘nanocraft’ that can reach 


Proxima Centauri b — an exoplanet within the habitable zone of 
Proxima Centauri and 4.2 light years away from Earth — in approxi-
mately 20 years1,2. Such a spacecraft, represented pictorially in Fig. 1,  
would consist of two components: a lightsail propelled by laser radi-
ation pressure, and a payload or ‘StarChip’ that contains the elec-
tronics and sensors necessary to gather data and transmit it back 
to Earth1. The proposed concept is inspired by the existing body 
of work on solar sails3,4, most notably the IKAROS (Interplanetary 
Kite-craft Accelerated by Radiation of the Sun) mission launched in 
20105. The IKAROS spacecraft uses sunlight as the source of radia-
tion pressure, its sail consisting of a thin (7.5 μ m) polyimide film 
with a subwavelength (80 nm) aluminium reflective coating that 
provides ~80% specular reflectivity. Equipped with thin-film solar 
cells and reflectivity-control devices (RCD) for attitude control, it 
can reach a maximum velocity of 400 m s–1 (ref. 6). By contrast, the 
Starshot Breakthrough Initiative aims to launch a nanocraft that 
reaches a relativistic speed of ~60 000 km s–1 (20% the speed of 
light) using radiation pressure from a high-powered phased array 
of lasers on Earth (~10 GW m–2 of net laser intensity). Though the 
methodology of the IKAROS project can provide useful guidelines 
for light-based propulsion of miniature spacecrafts, the targets of 
the Starshot mission — in particular, the need to achieve a velocity 
five orders of magnitude greater — demand a strikingly different 
approach. The Starshot effort envisions propulsion using a laser sys-
tem capable of continuous wave power generation at the 50–70 GW 
level for an impulse of approximately 1,000-second duration2,7. This 
laser system is likely to be an optically dense phased array of indi-
vidual laser elements such as kW-scale solid-state diode laser ampli-
fiers that are phase locked when fed by a common seed laser8–10.


In order to reach relativistic speeds, the Starshot lightsail should 
have an area of ~10 m2 and be kept to a mass of under ~1 gram, 
which translates into an equivalent thickness of approximately 100 
atomic layers. The design of the lightsail will therefore need to push 
the boundaries of materials science, photonic design and structural 
engineering to enable high performance with minimal mass.


In this Perspective, we identify key design criteria and funda-
mental material challenges for the Starshot lightsail. Specifically, 
we discuss materials with extreme optical, mechanical and ther-
mal properties required for the design of the lightsail. For such a  


laser-driven nanocraft, we reveal a balance between the high reflec-
tivity of the sail, required for efficient photon momentum transfer; 
large bandwidth, accounting for the Doppler shift; and the low 
mass necessary for the spacecraft to accelerate to near-relativistic 
speeds. We show that nanophotonic structures may be well-suited 
to meeting such requirements. Such structures may include two-
dimensional photonic crystal slabs11, where periodic nanostructures 
in a thin dielectric slab open up a photonic bandgap; metasurfaces, 
where arrays of resonant elements can be collectively excited to 
modify their reflection profile12; or 1D photonic crystals, where 
alternating layers of high and low refractive index can result in a 
spectral band of high reflectivity11. In each design, the combination 
of material properties and nanostructure will be crucial for mini-
mizing mass while maximizing photon momentum transfer.


With radiative cooling being the sole mechanism for passive 
thermal management in space, we quantify stringent requirements 
on material absorptivity that enable the lightsail to withstand high 
laser intensity and prevent excessive heating and mechanical fail-
ure. Materials selected to form the lightsail must have extremely low 
optical losses (absorptivity < 10–5) in the near-infrared (IR) at ele-
vated temperatures, placing strong constraints on the design space 
and requiring the consideration of fundamental limits to absorp-
tion imposed by different absorption mechanisms in materials. To 
better understand and characterize the limiting absorption mecha-
nisms, we propose a renewed effort for ultrasensitive measurements 
of the optical properties of candidate materials, including the use 
of techniques such as photothermal deflection spectroscopy and 
photoacoustic spectroscopy. In addition, the extreme constraints on 
the mass of the nanocraft necessitates the use of materials in ultra-
thin-film form. Consequently, we discuss several approaches for 
synthesis, fabrication, assembly and handling of materials in such 
ultrathin, but macroscopic, structures.


Lastly, we discuss the requirements for nanocraft stability during 
acceleration phase. We show that together with photonic and ther-
mal considerations, important factors such as the sail shape, beam 
profile and mechanical properties must be considered. Importantly, 
we argue that a successful design of the lightsail will require syner-
getic engineering: simultaneous optimization and consideration of 
all of the parameters described above.


In this Perspective, we address the above issues and offer a posi-
tive outlook on the challenges and opportunities for designing the 
Starshot lightsail based on these constraints, and suggest pathways 


Materials challenges for the Starshot lightsail
Harry A. Atwater   1*, Artur R. Davoyan1, Ognjen Ilic1, Deep Jariwala1, Michelle C. Sherrott   1,  
Cora M. Went2, William S. Whitney2 and Joeson Wong   1


The Starshot Breakthrough Initiative established in 2016 sets an audacious goal of sending a spacecraft beyond our Solar 
System to a neighbouring star within the next half-century. Its vision for an ultralight spacecraft that can be accelerated by 
laser radiation pressure from an Earth-based source to ~20% of the speed of light demands the use of materials with extreme 
properties. Here we examine stringent criteria for the lightsail design and discuss fundamental materials challenges. We  
predict that major research advances in photonic design and materials science will enable us to define the pathways needed to 
realize laser-driven lightsails.
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for realizing the ambitious goal of sending a spacecraft to Proxima 
Centauri b, our closest known exoplanet.


Choice of materials
The first critical step towards practically realizing the spacecraft 
depicted in Fig. 1, which can travel at relativistic speeds, is mate-
rials selection for the sail. Because the mechanism for propulsion 
is momentum transfer of reflected photons, the sail materials must 
offer sufficient optical contrast while minimizing absorption. For 
a ground-based laser array, considerations of the size (and cost) 
of the system, together with peaks in atmospheric transparency, 
imply that the near-IR spectral window (1–2 μ m) is of particular 
interest. While several noble metals such as gold and silver are 
excellent reflectors in the propulsion wavelength range, they still 
have sufficient absorption from free carriers to prevent survival  
at 10 GW m–2 incident power densities13. Therefore, the efficient 
transfer of laser photon momentum must be achieved by an appro-
priate photonic design and with the use of high refractive index 
contrast. Semiconducting materials typically have high refractive 
indices just below the band edge transition energy that coincide 
with a decrease in absorption.


In order to evaluate materials based on the above criteria, we 
focus on semiconductors with sub-band energies in the near-IR. A 
quantitative comparison of refractive indices among these materi-
als shows that semiconducting chalcogenides of molybdenum and 
tin have the highest refractive indices ranging from ~4.3 for MoSe2  
(ref. 14) to 4.0 for SnS (ref. 15), followed by both crystalline and amor-
phous silicon at ~3.5. Germanium monochalcogenides15 and GaAs 
(ref. 16) also have refractive indices > ~3 below their absorption band 
edge. The high refractive index of such materials, however, comes 
with a comparatively high mass density, due to heavier constituent 
atoms. In addition to chalcogenides, other interesting materials are 
diamond and silicon due to their low mass density and moderately 
high index of refraction.


In Fig. 2, we compare several candidate materials, based on their 
refractive index, mass density and the sub-gap absorption coeffi-
cient17–23 (here we use experimental data based on the photothermal 
deflection or photocurrent spectroscopy, averaged over the 1–1.5 μ m  
wavelength range). While a number of materials have one superla-
tive figure of merit, none of them appear to lie in the ideal region 
of high refractive index, low absorption coefficient and low mass 
density. Nonetheless, the materials plotted in Fig. 2 can be further 
shortlisted if they meet at least two of the three figures of merit. 
This reduces the list of potential materials to a-Si and c-Si, both of 
which possess low absorption, low mass density and high index; 
diamond with moderately high index, low absorption and moder-
ate mass density; and finally MoS2 with highest index, moderately 
high absorption and moderate mass density. The level of absorption 


is highly sensitive to the material quality and defect/impurity den-
sity as will be discussed in detail later. Therefore, the plotted values 
of absorption for any given material can be reduced further with 
higher crystalline quality of the material.


lightsail photonic design
An effective photonic design of the lightsail should seek to maxi-
mize the momentum transfer from the impinging laser light. A key 
consideration is the notion that, as the sail accelerates to its target 
final velocity vf, the photons from the laser (λ0) are redshifted due to 
the Doppler effect (λf =  1.22λ0 for vf =  0.2c). This implies that a light-
sail should have sufficiently high reflectance in the range of relevant 
wavelengths [λ0, λf], set by the target velocity vf. While the ultimate 
shape of the lightsail will be determined by stability considerations, 
the constitutive elements of the sail can assume a variety of forms: 
from single slabs of material to more advanced photonic structures, 
such as multilayer stacks or photonic-crystal (PhC) slabs. These are 
shown in Fig. 3, where we explore a range of photonic designs to 
propel the sail to relativistic speeds. Based on the considerations 
of material refractive index, absorption and mass density from  
Fig. 2, we explore crystalline silicon (c-Si) and molybdenum disul-
fide (MoS2) as promising material candidates for the lightsail.


Conventional wisdom implies that a lightsail should have a very 
high reflectance to maximize the momentum transfer per reflected 
photon. For each type of structure shown in Fig. 3 (slabs, multi-
layer stacks, photonic crystal pillars and photonic crystal holes), 
we employ nonlinear optimization to find designs that maximize 
the average reflectance in the [λ0, 1.22λ0] range (in order to reduce 
absorption, we assume sub-bandgap laser wavelengths, specifically 
λ0 =  1.2 μ m for c-Si, λ0 =  1.0 μ m for MoS2). From Fig. 3a,b we see 
that both the three- and the five-layer stacks, as well as the PhC 
slabs, can approach near-unity reflectance. For the three- and the 
five-layer stacks, we assume that intermediate layers have unity 
refractive index. In practice, this could include low-index, low-
weight materials, such as aerogels24–28.


However, while various photonic structures can be optimized to 
have high reflectance, optimizing solely for reflectance can result in 
structures with large per-area mass. A more relevant optimization 


Lightsail
A = 10 m2


vf = 0.2c


Laser
λ = 1–1.5 µm
I = 10 GW m–2


Proxima Centauri
d = 4.2 light years
t = 20 years


Fig. 1 | Vision for the Starshot nanocraft. A phased array of lasers, or a light 
beamer, will propel the nanocraft towards Proxima Centauri. The nanocraft 
consists of the lightsail, discussed in this Perspective, and a nanochip that 
will collect data to transmit back to Earth. Background image from  
ESA/Hubble (A. Fujii).
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Fig. 2 | Materials candidates for the Starshot lightsail. Refractive index, 
absorption coefficient (cm–1) and mass density (g cm–3) are shown for 
several candidate materials, revealing the trade-off between high refractive 
index (chalcogenides) and low absorption and mass density (silicon and 
diamond). Absorption coefficient values are averaged in the 1–1.5 µ m range 
and reported from photothermal deflection spectroscopic measurements.
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figure of merit (FOM) would also take into account the total mass 
of the spacecraft (lightsail and the payload). Among several possible 
FOMs, here we focus on minimizing the acceleration distance (D). 
The acceleration distance is the total travelled distance to reach the 
desired velocity (vf) and can be approximated, for example, by4,29
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where = +m m mT sail payload is the total mass of the spacecraft, and 
R v( ) is the (instantaneous) reflectance of the sail for the Doppler-
shifted light. Here A is the area of the sail, I the laser intensity, and 
γ = ∕ − ∕v v c( ) 1 1 2 2  is the Lorentz factor. Minimizing accelera-
tion distance is relevant from the point of view of the size (and cost) 
of the Earth-based laser array: the longer the acceleration distance 
the larger the diffraction-limited laser array2.


From Fig. 3a,b, we observe that structures that minimize the 
acceleration distance D (orange) sacrifice high reflectance for a sig-
nificant decrease in weight. For both crystalline silicon and MoS2, a 
properly designed hexagonal lattice of holes achieves the target vf  in 
~150 s and in less than half the distance of any of the designs that 
maximize reflectance (for c-Si, the structure has a period of a =  1.24 
μ m, thickness t =  59 nm and hole radius R =  490 nm; we assume 


= .m 0 1 gpayload ). For crystalline silicon, such structures also have 
ultralow absorption: the maximum absorption in the [λ0, 1.22λ0] 
wavelength range is ~2.5 ×  10–7. This could further be reduced by 
noting that the absorption coefficient of c-Si can become smaller 
with increasing wavelength in the near-IR; hence, a slight shift in 
propulsion laser wavelength to, for example, λ0 = 1.25 μ m would 
result in a tenfold decrease in maximum absorption.


This short analysis shows that subwavelength structures could 
achieve the desired optical response over the Doppler-shifted band-
width while maintaining low mass and points to alternative figures 
of merit (for example, minimizing the acceleration distance) that 


may be more relevant. Given the interplay between reflectance, mass 
and material absorption, we can identify nanophotonic designs 
with ultralow absorption that are very light yet provide substantial 
optical contrast. While a real-life lightsail (and the corresponding 
laser array) is a complex system with multiple competing consid-
erations, these results show that incorporation of nanophotonic 
elements could benefit the lightsail design. Here we explored the 
relevant parameter space through (multistart) local, derivative-free 
optimization30 (as such, the resulting designs, where total material 
thicknesses are approximately in the 20–60 (100–400) nm range for 
acceleration distance (reflectance) optimizations, are not guaran-
teed global optima). However, we also envision the use of inverse 
design and topology optimization, methods commonly used in 
aerospace design and, more recently, in photonics31–33. Subsequent 
challenges would include the integration of many such nanopho-
tonic structures — with multiple functionalities — into the overall 
lightsail design in order to address the issues of propulsion stabil-
ity, tensile stress redistribution, and off-normal light incidence. Any 
lightsail design would naturally have to exhibit sufficient structural 
integrity and be compatible with the mechanical stresses during the 
launch and the deployment phases. To that end, the experience of 
large-area sheet deployment of the IKAROS mission could be lever-
aged, or potential alternative methods of protective encapsulation 
be explored (for example, a sacrificial casing that is laser-ablated in 
the pre-acceleration stage).


Challenges of the launch and the acceleration phase also include 
the interaction of the lightsail with atoms or particulates in the 
interplanetary medium. For interactions with atoms, hydrogen and 
helium represent the predominant form (> 90%)2,34,35 of gas found 
in outer space. The severity of damage from these light atoms is not 
yet clear on the nanometre-scale photonic structures proposed for 
the sail. Indeed, Hoang et al.36 calculated the average penetration 
depth of hydrogen and helium to be ~1 mm at 0.2c, suggesting these 
particles may pass through the lightsail with little interaction. In 
the case of cosmic dust particles that are generally more massive — 
mean mass of ~10–16 kg (ref. 37) — the damage could be more severe. 
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Fig. 3 | Photonic design of the Starshot lightsail. a, A concept of a lightsail consisting of a crystalline silicon (c-Si) slab, multilayer stack, photonic crystal 
(PhC) slab of pillars, or a PhC slab of holes. For each type of structure, we find the optimal design that maximizes the average reflectance (blue) or 
minimizes the acceleration distance to vf (orange). b, Same as a only for molybdenum disulfide (MoS2). For both materials, optimal structures (PhC hole 
slabs, labelled as orange hexagons) reach vf in ≈ 150 s. All photonic structure optimizations assume a specific payload mass (0.1 g), laser intensity (10 GW 
m–2), sail area (10 m2), and target velocity (vf =  0.2c). The reflectance is averaged over the Doppler-shifted spectral range [λ0, 1.22λ0] (where the operating 
laser wavelength λ0 =  1.2 μ m for c-Si and λ0 =  1.0 μ m for MoS2).
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However, the interplanetary dust density of 10–8 m–3 (ref. 2) is much 
lower than the typical hydrogen gas density of 106 m–3, suggesting an 
interaction with of order 1,000 dust particulates over the accelera-
tion distance of ten billion metres, and 109 over the full distance to 
Proxima Centauri. While the damage induced by these particles will 
be strongly dependent on both the sail material and shape, the likely 
damage modes are examined by Hoang and colleagues36. For an 
ultrathin, planar or spherical sail, typical dust particles of diameter 
0.3 µ m or smaller are likely to melt or vaporize their columnar tra-
jectories through the sail, inducing structural damage and heating. 
However, for a 10 m2 sail, 109 such micrometre-wide trajectories 
represent, collectively, less than a tenth of a percent of the total sail 
area. As a result, we expect that for a judicious choice of sail design, 
a single sail will be likely to survive the interstellar medium en route 
to its destination. Furthermore, the survival of the lightsail itself 
may only be critical during the acceleration phase, during which 
the fractional area of damage is orders of magnitude lower than 
estimated above. The potential additional impact of solar winds 
and flares can be minimized through atmospheric prediction and 
suitable choice of launching times. We pose, though, that damage 
tolerance is an important area for future study for both the lightsail 
and the StarChip payload, the latter of which must survive its entire 
voyage functional. Lastly, we emphasize that the project envisions 
launching a large number of such spacecraft, in an effort to increase 
the likelihood of success of all mission components.


lightsail thermal management
To enable successful thermal management of the lightsail during 
illumination, strict constraints exist on material absorptivity and 
emissivity. Unlike the macroscopically thick IKAROS sail, where 
front-side reflectivity and back-side emissivity could be indepen-
dently optimized for efficient momentum transfer and radiative 
cooling, the ultrathin Starshot lightsail may need to achieve both 
functionalities in a single component. As previously discussed, 
ultralow absorptivity is required in the (Doppler-shifted) wave-
length range of laser illumination to avoid catastrophic overheat-
ing. At the same time, high emissivity is necessary at wavelengths 
outside that band to allow efficient radiation of thermal energy and 
maintain equilibrium sail and payload temperatures below criti-
cal failure thresholds. By Kirchoff ’s law of thermal radiation, high 
emissivity also implies high out-of-band absorptivity. This pair of 
constraints challenges conventional materials and will provide an 


opportunity for contributions from engineered materials and pho-
tonic structures.


Fundamental material absorption is driven by several physical 
mechanisms, the most important of which are outlined in Fig. 4a. 
At short wavelengths above the bandgap, interband optical tran-
sitions dominate, superimposed in some systems with excitonic 
effects near the band edge. In disordered materials, an Urbach tail 
of substantial sub-gap interband absorption may also exist. Narrow, 
defect-derived absorption features such as colour centres introduce 
further absorption, typically at near-infrared or bluer wavelengths. 
Lastly, at long wavelengths phonon lines and free carrier absorption 
generate strong absorption and therefore emission.


An ideal lightsail material will lack most of these absorption 
mechanisms in the targeted (~1–1.5 µ m) illumination band, which 
is achieved in several real materials, including c-Si, a-Si, diamond 
and MoS2. Absorption coefficients for these materials in this  
range are plotted in Fig. 4a, and are typically limited by material 
quality18,19,21,38. With improved growth processes, it may be pos-
sible to achieve significantly lower absorption. However, most  
materials — including the ones considered in this Perspective — 
lack significant absorption features between the band edge and 
the onset of phonon absorption lines in the mid- to far-infrared.  
This window of minimal absorption and emission contains the peak 
of blackbody emission for likely sail temperatures — of order 500  
to 1,500 K — and so presents a challenge for thermal emission.


As the lightsail loses heat radiatively, its equilibrium temperature 
during illumination will depend strongly on its emissivity. In Fig. 4b,  
we illustrate the equilibrium temperature achieved for different 
combinations of sail absorption (in the laser band) and emissiv-
ity (outside the laser band). If emissivity falls below 10–3, it is likely 
that insufficient power will be radiated to avoid material melting or 
other thermal failure modes. In addition, resonant nanophotonic 
elements can also increase absolute absorption. To combat this 
problem, an important challenge will be to use nanoscale structures 
to enhance thermal radiation emission from the lightsail at relevant 
wavelengths despite inherently low intrinsic material emissivity — 
for example, incorporating a thin (~50 nm) layer of SiO2 could pro-
vide the adequate hemispherical emissivity (~1%) due to increased 
absorption in the IR (> 5 µ m). An additional challenge for materi-
als researchers will be to use defect engineering to generate tailored 
materials with elevated inherent emissivity in the mid-infrared, and 
low absorption in the laser illumination band.
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emissivity (and hence absorptivity) is desired. Inset: experimental and modelled absorption coefficient values for low-absorption lightsail candidate 
materials in the laser illumination wavelength band. b, Equilibrium lightsail temperature as a function of its emissivity and absolute absorption. Shaded 
areas correspond to absolute absorption ranges for the c-Si and MoS2 lightsail structures simulated in Fig. 3. Dashed lines indicate the corresponding 
melting temperatures of c-Si and MoS2.


NAtuRe MAteRIAlS | VOL 17 | OCTOBER 2018 | 861–867 | www.nature.com/naturematerials864



http://www.nature.com/naturematerials





PersPectiveNaTurE MaTErIalS


Lastly, the temperature dependence of material absorption 
properties must be considered to accurately assess absorption in a 
500 to 1,500 K sail. For semiconducting materials, previous mea-
surements show that absorption in the laser illumination band 
increases drastically with temperature, as the thermally generated 
carrier population grows exponentially38. For c-Si, for example, an 
increase in temperature from 300 K to 900 K results in an increase 
in absorption coefficient of several orders of magnitude. This trend 
is illustrated in the inset of Fig. 4a, which includes modelled c-Si 
absorption data across multiple temperatures39,40. The use of wider 
bandgap materials may be necessary to mitigate such thermally 
driven increases in absorption38. For many materials, though, 
experimental reports of the temperature dependence of below-gap 
absorption do not exist. We propose that characterization of these 
temperature-dependent material properties is an important area 
for future research.


More broadly, there is an urgent need to better understand the 
absorptivity and emissivity of candidate materials for the lightsail. 
Many existing measurements of material absorption focus on the 
band edge spectral region, or lack the sensitivity to characterize 
absorption at the ultralow levels required for the lightsail project. 
For some emerging materials, even the refractive index may be 
poorly characterized. We propose a renewed effort for ultra-sen-
sitive measurements of the optical properties of these and other 
materials, by use of techniques such as photothermal deflection 
spectroscopy (PDS)41,42, photoacoustic spectroscopy (PAS)43, and 
resonant absorption by integrating the candidate materials with 
high-Q optical cavities44,45. For example, both PDS and PAS spec-
troscopy are non-destructive techniques typically used to measure 
sub-gap absorption for characterizing impurity, surface and defect 
states in semiconductors20,22,46,47. Values of product αl, where α is the 
absorption coefficient and l is the thickness of the material, as low 
as 10–8 have been measured for liquid samples41. Thus, for materi-
als available in bulk sizes (~1 cm in one dimension at least) most 
configurations of PDS and PAS will be able to measure sub-gap 
absorption down to 10–8 cm–1. For the thin films (< 100 nm) that  
will likely be used for the Starshot lightsail, PDS can measure  


absorption down to less than 10–3 cm–1. In contrast, conventional 
spectroscopic ellipsometry can only reach a sensitivity in refractive 
index of 10–3, which translates to a sensitivity in absorption coef-
ficient of 102 cm–1 at a 1 μ m wavelength. Ellipsometry also relies on 
fitting rather than direct measurement of optical constants48,49. For 
more emerging materials where sample sizes are limited to thin films 
and membranes, certain configurations of PDS such as the transverse  
configuration50 can be used, and further effort on PDS and PAS 
should be dedicated to pushing the sensitivity limits below 1 cm–1 
even for thin film samples.


Low-weight, low-index materials, such as aerogels24–28, could 
be beneficial for mechanical stability and optical reflectivity of the 
lightsail. However, very limited data is available on accurate optical 
constants and properties of bulk or thin film aerogels, stressing the 
need for systematic research efforts in this direction. Ultimately, the 
absorption and optical properties for sail materials must be experi-
mentally measured for sample thicknesses comparable to those 
proposed in the sail design above (< 100 nm). Only then can the 
absorption due to interfaces, surfaces and edge defects be accounted 
for in the final design. These measurements can inform efforts in 
advanced microscopy and materials growth to identify and elimi-
nate extrinsic defect populations in candidate materials. With such 
a coordinated research program, a new class of ultrahigh-quality, 
ultralow-absorption materials can be designed.


Design for stability
Together with careful material and structural engineering of the 
sail’s optical and thermal properties, a rigorous analysis of the 
spacecraft’s dynamics during acceleration is required51. The possi-
bility of a laser-propelled deep-space exploration demands not only 
maximizing the spacecraft’s acceleration and minimizing the associ-
ated heating, but also precise control over the spacecraft’s trajectory. 
Such a demand leads to stringent requirements for passive stabil-
ity during the spacecraft’s acceleration. For this reason, a holistic 
design of the entire system (that is, laser beam, sail and payload) 
is of critical importance. To illustrate this paradigm, we consider 
a simple scenario of a laser beam–sail interaction in the ray-optics 
limit. In this case, the radiation force per unit area on the sail surface 
may be found as52:


α α σ α
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− +
S c
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n z
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where c is the speed of light and z is the direction of propagation for 
the incident laser beam. Here, we assume that local radiation pres-
sure at any given (x, y) point on the sail surface (generally defined as 


σ= − =G x y z x y z( , , ) ( , ) 0) is due to reflection αR v( , ) and absorption 
αA v( , ) of an optical ray with intensity distribution I x y( , ) incident at 


an angle α = − ⋅n zarccos( ) on the specular sail surface with surface 
normal n. For a given sail shape, n can be calculated explicitly as 


σ = ∇ ∕∣∇ ∣x y G Gn[ ( , )] . Note that due to a relativistic Doppler shift 
discussed earlier, the sail reflection αR v( , ) and absorption αA v( , ) 
are spacecraft velocity dependent.


Equation (2) shows that even in this simplified case the radiation 
pressure depends on the synergetic interplay of several key param-
eters: laser beam profile I x y( , ), sail shape σ x y( , ) and its photonic 
properties αR v( , ) and αA v( , ), implying that each of these quantities 
is instrumental for the overall spacecraft stability and dynamics.


For instance, a planar sail under uniform illumination 
( =I x y( , ) const) and angle independent reflection ( α =R v( , ) const) 
(this case is studied in Fig. 3) is unstable53. In particular, arbitrarily 
small inclination with respect to the laser beam yields off-axis  
force and torque (Fig. 5a). A spherical sail and, perhaps, other  
convex geometries may offer pathways for stabilizing spacecraft 
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Fig. 5 | Sail design and stability. a–e, Key design considerations for the 
stability of a laser propelled spacecraft. f, A conceptual illustration of a 
possible sail design, where all of the design parameters are taken into 
account using modular components. Here red arrows denote schematically 
laser beam illumination, blue arrows correspond to local and total laser 
induced forces.
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trajectory (Fig. 5a)54,55. At the same time, any realistic laser illumi-
nating over 10 m2 is most likely to have a non-uniform intensity 
profile resulting in an additional mechanism for instability even for 
a stable spherical sail (Fig. 5b). Tailoring the laser beam intensity, for 
example, by creating regions with intensity minima that may serve 
to trap the sail (for example, with a doughnut-shaped laser beam) 
may be a possible track for creating a stable beam–sail configuration  
(Fig. 5b)51,56. Finally, together with sail shape and laser beam engi-
neering, local (that is, angle-dependent) reflection and absorption 
properties of the sail may contribute further to the spacecraft sta-
bility. Specifically, careful engineering of the laser light reflection 
for a given sail shape and beam profile, as shown schematically in  
Fig. 5c (left), may add to the balancing of the spacecraft. This is 
where nanophotonic and metamaterial engineering concepts previ-
ously discussed may be of a particular interest12,57.


Together with sail shape, laser beam profile and optical proper-
ties of the sail, we identify mechanical support of the sail (Fig. 5d) 
and mass uniformity (Fig. 5e) (which may be an issue due to imper-
fections of fabrication over large areas) as other key design metrics. 
All of these parameters have to be optimized simultaneously, which, 
given cutting-edge performance requirements of the entire pro-
gram, implies that complex high-performance computational tools 
are to be developed. A conceptual illustration of a laser propelled 
sail is shown in Fig. 5f, where we envision a modular design with 
mesoscopically engineered sail parts.


Fabrication and integration challenges
While the above sections discuss theory and conceptual design 
along with material parameters and measurements for the light-
sail, this section discusses its practical realization in more detail. In 
particular, we discuss techniques for synthesis, fabrication, assem-
bly and handling of such ultrathin membrane-like, macroscopic 
lightsail material. Because of the extreme constraints on the mass 
budget, all materials required will be in thin film form. Deposition 
of high-quality thin films of several candidate materials such as Si, 
MoS2 and dielectric aerogels is desired. While extremely high-qual-
ity glass sheets over areas of several m2 can be produced using the 
fusion draw process, the minimum thickness of these fusion drawn 
glass sheets ranges from 10–50 μ m58. With more research and devel-
opment these thicknesses can be further reduced to sub-micrometre 
and few-nanometre levels where it becomes attractive as a low-index 
spacer, cladding and for support. Thin films of aerogels will be of 
particular interest for spacer layers between the high-index materi-
als and to also provide structural stability. Furthermore, while silica 
and alumina aerogels have been produced in bulk slabs25–27, fabrica-
tion of freestanding aerogel films is comparatively challenging24,28 
and presents opportunity for more research and investigation. 
There are several approaches to producing high-index semiconduc-
tor layers. For materials such as Si59 and diamond60, CVD methods 
are well known to produce very high-quality thin films with thick-
nesses < 100 nm over large areas. With advances in silicon on insu-
lator technology, it is possible, in principle, to produce freestanding 
single crystal Si films/membranes thinner than 100 nm (ref. 61). For 
layered materials with van der Waals interplanar bonding such as 
transition metal dichalcogenides of Mo and W, powder precursor 
CVD and MOCVD are known techniques for synthesizing high-
quality few-nm thickness films over large areas62,63. The advantage 
with layered van der Waals materials is that they can stay free of 
surface, interface and dangling bond defects even down to a single 
atomic layer. This gives them a potential advantage over three-
dimensionally bonded materials such as Si or diamond, but their 
relative infancy in terms of research and development means it will 
take several more years before the material quality is optimized up 
to the levels of modern day Si wafers.


A critical issue aside from growth and fabrication of the sail 
membranes is its integration into the final sail structure. While 


18-inch diameter Si wafers can be mass produced, producing 
uniform high-quality material over the sail size of 10 m2 is still a 
daunting challenge. Therefore, any practical design would involve 
fabrication of smaller scale tiles that can be stitched or assembled 
together to form the final sail design. Owing to the ultrathin nature 
of the sail, there are limited options available for joining and welding 
at the atomic level. Laser and electron beam welding are well known 
examples for joining thin metal foils64,65 but the ceramic nature of all 
above proposed materials would render all energetic beam-welding 
techniques ineffective for this purpose or may lead to building of 
stress and defects that would result in absorption. One approach 
in joining single crystalline sheets would be to analogously use the 
wafer-bonding techniques widely employed in the semiconductor 
industry — except in this case the bonding would occur at the edge 
rather than the face of the sheet. Another approach would involve 
construction/fabrication of an aerogel grid or mesh with holes/gaps 
matching the size and shape of the individual sail tiles that can fit 
inside them. That would allow for a non-destructive way of assem-
bling ultrathin membranes into a larger structure without introduc-
ing defects, stress and absorption centres at the lateral interfaces. 
Use of ultrastrong, nanoscopic bundles of carbon nanotubes66 or 
boron nitride nanotubes67 to tether the tiles together into desired 
sail shape is another possible but ambitious alternative. Overall 
there must be a concerted research effort to develop techniques to 
join and integrate ultrathin, single-crystalline materials.


Conclusions and outlook
While many open questions remain for a project as ambitious as 
the Breakthrough Starshot initiative, our purpose here is to define 
basic enabling principles for laser-driven lightsail spacecraft, in an 
effort to stimulate further discussion and research. Full validation 
of the ideas raised here will await more comprehensive analysis 
and experimental validation that all the relevant materials criteria 
are achievable for a given material, photonic design and sail shape. 
However, a first analysis is encouraging in that known materials, 
coupled with new measurement and fabrication methods, may 
allow design of prototype lightsails suitable for interstellar laser 
propelled spacecraft.
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Nanoscale imaging and spontaneous emission
control with a single nano-positioned quantum dot
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Plasmonic nanostructures confine light on the nanoscale, enabling ultra-compact optical


devices that exhibit strong light–matter interactions. Quantum dots are ideal for probing


plasmonic devices because of their nanoscopic size and desirable emission properties.


However, probing with single quantum dots has remained challenging because their small


size also makes them difficult to manipulate. Here we demonstrate the use of quantum dots


as on-demand probes for imaging plasmonic nanostructures, as well as for realizing spon-


taneous emission control at the single emitter level with nanoscale spatial accuracy.


A single quantum dot is positioned with microfluidic flow control to probe the local density of


optical states of a silver nanowire, achieving 12 nm imaging accuracy. The high spatial


accuracy of this scanning technique enables a new method for spontaneous emission control


where interference of counter-propagating surface plasmon polaritons results in spatial


oscillations of the quantum dot lifetime as it is positioned along the wire axis.
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C
ontrolled interactions between nano-emitters and plas-
monic nanostructures are important for a broad range of
applications in photonics and quantum optics. Plasmonic


nanostructures localize electromagnetic fields to nanometre
dimensions in the form of surface plasmon polariton (SPP)
waves. Accurate placement of nano-emitters in the high-field
regions of SPP modes can improve the efficiency and direction-
ality of light emitters1,2, provide large nonlinear optical effects at
low light levels3–5, enhance sensing capabilities6,7 and enable the
development of lump-element nanophotonic circuits8 as well as
quantum optical circuits for quantum networking4,9. Nano-
emitters can also serve as nearly ideal localized excitation sources
that can be used to probe electromagnetic properties of plasmonic
nanostructures, such as the local density of optical states (LDOS),
with high spatial resolution10.


A variety of methods have been applied for sub-wavelength
probing of plasmonic structures. Near-field scanning optical
microscopy utilizes a tapered tip to probe the LDOS11–16.
This tapered probe, however, can add unwanted distortion to the
image10,17,18. Other imaging techniques, such as electron
energy-loss spectroscopy19 and cathodoluminescence imaging
spectroscopy20,21, enable the study of plasmonic mode structures
with nanometric precision by using a tightly focused electron
beam. However, these techniques typically require high vacuum
and an electron beam that has been accelerated at high voltage,
which has limited their applicability.


An ideal probe for nanoscale electromagnetic imaging is a
single, isolated, point-like dipole emitter, which provides high
spatial resolution with minimal distortion of the LDOS10.
Additionally, the strong back-action of the plasmonic nano-
structure on the emitter can enhance or suppress spontaneous
emission. This back-action provides an effective method for
performing spontaneous emission control22,23, forming the
basis for novel light sources2 and quantum circuits4. Methods
that incorporate either single emitters24,25 or ensembles
of emitters23,26 on a scanning tapered probe have been
demonstrated for both near-field imaging and spontaneous
emission control, but these techniques have so far been limited
to an imaging resolution of about 100 nm. Mechanical dragging
of diamond nanocrystals in the vicinity of plasmonic structures
using scanning-probe manipulators has also been demo-
nstrated27,28, but to date this method has only provided sparse
sampling of the electromagnetic mode with too few data points to
reconstruct an accurate image. Three-dimensional manipulation
of 75-nm diamond nanocrystals by optical trapping has also been
reported recently and used to image the LDOS of dielectric
waveguides29, but the extension of this approach to plasmonic
structures is challenging because the field typically decays on a
length scale that is on the order of the size of the nanocrystal.
Random diffusion of fluorescent molecules has also been used to
image plasmonic hot spots, achieving spatial imaging accuracy as
fine as 1.2 nm (ref. 30). However, this procedure is entirely
stochastic and cannot be used to probe a desired location or target
on demand.


Semiconductor quantum dots (QDs) are ideal nano-emitters
for local probing and excitation of plasmonic nanostructures.
QDs are bright and highly efficient room-temperature light
sources with a stable, narrow and tunable emission spectrum31.
They also exhibit single-photon emission, making them potential
candidates for quantum devices32. Additionally, owing to their
nanometric size, QDs can act as sensitive probes for studying the
electromagnetic properties of plasmonic nanostructures with high
spatial accuracy. However, the application of QDs as nanoscale
probes has been challenging. Their small size makes them difficult
to manipulate using standard approaches such as optical
trapping33. Although optical trapping of single QDs has been


demonstrated34, the spatial accuracy of this trapping procedure
has not been reported and the positioning accuracy that can be
achieved with this approach remains unclear. Additionally,
optical trapping forces are not selective, which can result in
many particles getting caught in a single trap over a short
timescale. Alternate methods that utilize tapered probes with
single QDs attached to the tip35 or, conversely, scan an attached
sample over a single QD immobilized on a surface36, have been
reported. However, these approaches have been largely limited by
QD blinking and bleaching, which significantly distort the
acquired image.


In this work, we demonstrate that a single QD can be used as a
nanoprobe for imaging plasmonic nanostructures and for
spontaneous emission control with high spatial accuracy.
Specifically, we use a single QD to image the LDOS of a silver
nanowire (AgNW). The QD is deterministically positioned at
desired locations adjacent to the AgNW by actuating flow in a
microfluidic device through electroosmosis37, thereby moving
the QD via viscous drag38,39. Using this approach, we image the
LDOS with a spatial accuracy as fine as 12 nm. Furthermore, we
utilize the back-action of the AgNW on the QD to perform
spatially resolved spontaneous emission control with nanoscale
accuracy. We demonstrate control of the QD lifetime by placing it
in regions with different magnitudes of the LDOS. The high
spatial accuracy of our approach reveals oscillations in the QD
spontaneous emission rate, as it is positioned along the wire axis.
These oscillations are the signature of direct coupling to surface
plasmon modes induced by interference between counter-
propagating surface plasmon waves. The ability to control
light–matter interactions at these length scales is crucial for
optimizing interactions between single emitters and surface
plasmons, and has an important role in the study of quantum
optics in plasmonic structures as well as in the development of
nanoscale quantum devices4.


Results
Description of imaging approach. Our imaging approach relies
on the strong electromagnetic interactions between the QD and
the SPP mode of the wire. When a QD is positioned near an
AgNW, energy from the photoexcited QD is transferred to the
wire’s SPP mode through an electric dipole interaction22. The
rate of energy decay of an isotropic emitter into the guided SPP
mode of the AgNW is given by Fermi’s Golden Rule


gnw ¼ 2pm2 E r;oð Þj j2
� �


D oð Þ ð1Þ


where D(o) is the spectral density of electromagnetic modes,
E(r,o) is the electric field operator for the AgNW mode and m is
the transition dipole moment of the emitter40. Although QDs
can exhibit polarized light emission and are therefore not
completely isotropic41, rotational Brownian motion in the fluid
averages out orientational effects on a timescale that is much
faster than the data integration time (Supplementary Fig. S1),
enabling the QD to behave as an effectively isotropic emitter. The
spontaneous emission rate is often expressed in terms of the
LDOS defined as42:


r oð Þ¼ E r;oð Þj j2
� �


D oð Þ=4pk2 ð2Þ


where k¼o/c. Thus, gnw is proportional to the LDOS, and
provides a direct measure of the local field intensity of the AgNW
mode at the location of the emitter. In our experiment, this rate is
measured in two independent ways: by monitoring the radiated
light intensity from the wire end and by directly measuring the
QD lifetime as a function of position. These two observables
provide mutually complementary approaches for studying the
electromagnetic properties of the wire.
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Experimental procedure. An optical image of the microfluidic
device used to position QDs is shown in Fig. 1a. Four microfluidic
channels intersect at the control region, where QD manipulation
occurs (the dashed circle). Figure 1b illustrates the probing pro-
cedure for an AgNW. Within the control region, a single QD is
selected and driven along a trajectory that samples the LDOS of
the wire at a desired set of locations. AgNWs with an average
diameter of 100 nm and an average length of 4 mm (scanning
electron microscopy image in Fig. 1b inset) are deposited on the
polydimethylsiloxane (PDMS) surface of the control region. The
channels are filled with fluid containing QDs that are confined to
a thin sheath along the surface by the fluid chemistry39. Within
this sheath, single QDs are manipulated to nanometric accuracy
using flow control. The deposited AgNW acts as an obstacle for
the QDs (Supplementary Movie 1), indicating that the QDs are
constrained to be within 100 nm of the surface (the diameter of
the AgNW). The QD fluorescence signal is collected using a
confocal micro-photoluminescence system38,39, and 25% of the
emission is sent to a CCD camera for tracking. The remaining
75% of the emission is sent to an avalanche photodiode (APD) for
performing lifetime measurements. Each detection event from the
APD is saved with a time stamp that is synchronized to the
camera frame acquisition rate. Details of the fluid composition,
experimental set-up and nanowire synthesis are provided in the
Methods section.


QD positions are tracked with sub-wavelength accuracy by
fitting the imaged diffraction spot to a Gaussian point-spread
function. The spatial accuracy of the tracking algorithm is limited
by system vision noise, which includes a combination of camera
read noise, multiplication noise and shot noise. We determine the
tracking accuracy by monitoring an immobilized QD on a glass
surface for 1 min. The measured QD positions are plotted as red
data in Fig. 2a. The red bars in Fig. 2b,c plot a histogram of the
measured QD position along x and y coordinates respectively.
The solid yellow line represents a Gaussian fit where the standard
deviation (s.d.) is used to determine a tracking accuracy of
str¼ 12±1 (11±1) nm along the x (y) directions.


Nanoscale positioning accuracy is achieved by employing
vision-based feedback control that creates corrective flows to
position the QD at a desired location. The positioning accuracy is
measured by monitoring a QD that is held in place by flow
control for 1 min. The measured QD positions are plotted as blue
data points in Fig. 2a. The blue bars in Fig. 2b,c are a histogram of
these measurements, while the black solid line is a Gaussian fit
where the s.d. determines a positioning accuracy of sp¼ 34±3
(39±3) nm along the x (y) directions. These numbers were
corrected for noise in the tracking algorithm using the relation
sp¼


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2� s2


tr


p
, where s is the total measured position


fluctuations. The high positioning accuracy ensures that we can


deterministically probe the wire mode at a desired location on
demand with nanometric accuracy. It is important to note that
the positioning accuracy does not limit the spatial imaging
accuracy of the system, as the position of the QD is known to a
higher accuracy than it can be controlled.


Figure 3a–c shows a series of images of a single QD being
moved progressively closer to an AgNW (Supplementary
Movie 2). When the QD is in close proximity to the wire, light
radiates from the wire ends (Fig. 3c). This radiation arises from
direct dipolar coupling of the QD excitation to the waveguided
SPP mode. The extraction efficiency of the QD excitation into the
AgNW mode is given by Zex¼ gnw/g, where g is the total decay
rate of the QD due to all radiative and non-radiative decay
channels and gnw is defined in equation (1). In the limit in which
g is dominated by free-space modes, the efficiency is proportional
to the LDOS at the location of the emitter. Therefore, by
simultaneously monitoring the QD position and the radiated
intensity from the wire end, we can construct an image of the
LDOS. In addition, we measure the LDOS by directly measuring
the QD radiative lifetime23. Such direct lifetime measurements
have the advantage that they are independent of sample
geometry, as they do not rely on monitoring the AgNW end
radiation. Thus, in contrast to measurements that monitor the
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Figure 1 | Near-field probing with a single QD. (a) Optical image of the microfluidic crossed-channel device. Flow in the centre control region (dashed


circle) is manipulated in two dimensions by four external electrodes (not shown). Scale bar, 500mm. (b) Schematic of the positioning and imaging


technique. A single QD is driven along a trajectory close to the wire by flow control. The coupling between the QD and AgNW is measured either by the


radiated intensity from the wire ends or by QD lifetime measurements. The inset shows a scanning electron microscopy image of a typical AgNW used in


our experiments (scale bar, 1 mm). The x–y coordinate system is defined relative to the orientation of the AgNW, as illustrated in the inset.
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Figure 2 | QD tracking and positioning accuracy. (a) Scatter plots of the


measured positions of a QD over the course of 1 min. Red data points


correspond to a QD that is immobilized, while blue data points correspond


to a QD that is held in place by flow control. (b,c) Histograms of the x and y


coordinate corresponding to data from panel a. Red bars are the histogram


for an immobilized QD, while blue bars are the histogram for a positioned


QD. The yellow solid line is a Gaussian fit for an immobilized QD showing a


measure s.d. of 12±1 (11±1) nm along the x (y) coordinate. The black solid


line is a Gaussian fit for the positioned QD with s.d. of 36±2 (40±2) nm


for the x (y) coordinate.
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distal end of a wire, lifetime imaging can be applied to objects that
are sub-wavelength in all three dimensions, such as metallic
nanospheres and nanorods.


QD probing was performed at various locations along the
middle and end of the AgNW. The QD trajectory was selected to
maximize data sampling near the wire surface (Supplementary
Fig. S2). A significant challenge of probing with QDs is that they
blink43, which leads to emission intensity fluctuations that
complicate the interpretation of the radiated intensity from the
wire end. Our imaging approach offers a convenient solution to
this problem because it enables the simultaneous measurement
of the intensity radiated both from the wire end and directly from
the QD. The direct radiation from the QD is used to normalize
for QD blinking and local field enhancement of the pump. The
QD emission and the AgNW-radiated intensity are measured by
summing the pixels within their respective windows (Fig. 3a–c).


We define the normalized coupled intensity �I as:


�Iðx; yÞ¼


P
n;m


INW
n;m � IBKG


� �


P
p;q


IQD
p;q � IBKG
� � ð3Þ


where INW
n;m and IQD


p;q are the intensities of the (n,m)th and (p,q)th


pixels within the AgNW and QD windows respectively, while
IBKG is the average pixel background intensity. The background
level is calculated by averaging pixels sufficiently far away from
the AgNW and the QD. The value of �I is proportional to the
coupling efficiency Z, and thus to the LDOS of the nanowire.


Probing the side of an AgNW. Figure 4a is a scatter plot of �I as a
function of QD position when the QD was positioned near the


a b c


Figure 3 | Coupling a QD to an AgNW. (a–c) A series of images showing coupling of the QD to the AgNW as the QD is moved closer to the


wire. The scale bar is 500 nm and intensities are plotted on a logarithmic scale. The red and blue boxes show the image integration region used to calculate


the radiation intensities and positions of the QD and the wire ends, respectively. The measured location of the QD is labeled with a red star and the


axis of the AgNW is labelled with a blue dashed line.
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Figure 4 | Probing the LDOS profile near the middle of the AgNW. (a) �I as a function of position near the middle of the wire. The dashed region indicates


the assumed location of the AgNW surface. (b) �I as a function of distance from the wire axis (x coordinate) using data from panel a. The blue line indicates


the best fit to a modified Bessel function. The red dotted line is an FDTD simulation of the AgNW evanescent field. The simulation result was fit to the data


using an overall scaling factor. (c) Radiative decay of the QD at 200 nm (red squares) and 30 nm (blue circles) distance from the AgNW axis with lifetime


fits of 17 and 8 ns, respectively. (d) QD lifetime as a function of x position. The second y-axis denotes the Purcell factor corresponding to the measured


lifetimes. Coloured markers indicate the data points used for panel c.
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midpoint of the AgNW. The dashed lines represent the location
of the AgNW surface which is assumed to be 50 nm from the wire
axis (the typical radius of the wires used in this work). The wire
orientation and length were determined by tracking the diffrac-
tion spots of the radiated light from the wire ends (blue boxes in
Fig. 3c) using the same algorithm used to track the QD. The data
points are plotted relative to the measured wire location with the
y-direction aligned along the wire axis and the x-direction cor-
responding to distance from the wire axis, as indicated in the inset
of Fig. 1b, with the origin placed at the lower end of the wire. We
note that different locations along the y coordinate may experi-
ence different propagation losses to the wire end, which could
cause a small distortion of the image. However, the absorption
length of an AgNW was measured to be 4.7 mm (Supplementary
Fig. S3 and Methods), which is much longer than the 200 nm
scanning distance. Thus, propagation losses are expected to have
only a minimal effect on the data.


Figure 4b shows �I as a function of radial distance from the wire
axis, which is seen to increase as the QD approaches the wire
surface. For a cylindrically symmetric AgNW, the evanescent field
from the surface is predicted to follow a Bessel-function decay44.
The data are therefore fit to a function of the form bK0 axð Þj j2
where K0 axð Þ is the zeroeth-order modified Bessel function, x is
the distance from the AgNW axis, and a and b are fitting
parameters (calculated from the fit to be 0.006 nm� 1 and 0.142,
respectively). The solid blue line in Fig. 4b is the Bessel-function
fit and the red dashed line corresponds to the AgNW evanescent
field as calculated using finite-difference time-domain (FDTD)
simulation (see Methods). The FDTD solution was multiplied by
a constant to provide the best fit to the data. Both the analytical
and numerical solutions show good agreement with the measured
LDOS profile.


The measurements in Fig. 4b can be used to infer the spatial
imaging accuracy. This accuracy is determined by calculating
the root-mean-square (r.m.s.) deviation in the measured positions
of the QD relative to the position predicted by the Bessel-function
fit. The rms deviation provides an upper bound on the spatial
imaging accuracy, as derived in the Supplementary Methods
(see also Supplementary Fig. S4). Using this approach, the
spatial imaging accuracy was determined to be 12 nm, which is
consistent with the 12±1 nm tracking accuracy calculated
previously by observing an immobilized QD, indicating that
the spatial imaging accuracy is primarily limited by vision
noise.


The spontaneous emission lifetime of the QD was measured
using the APD, while the camera simultaneously measured the
QD position. Figure 4c shows two time-resolved fluorescence
measurements obtained by collecting photon events detected
when the QD was at radial distances of 200±12 nm (red squares)
and 30±12 nm (blue circles) from the wire axis, respectively. A
biexponential fit was used to determine the QD’s lifetime45,
yielding values of 17 and 8 ns for the two distances, respectively.
This reduction in lifetime at short distance is consistent with
previous measurements of QDs coupled to nanowires22.


Figure 4d plots the QD lifetime as a function of position.
Each lifetime was calculated by grouping all photon events in
which the QD was within a ±12 nm window from the specified
radial distance. The positional dependence of the lifetime
mirrors the intensity of the emission from the wire end,
demonstrating a clear agreement between the two methods, as
well as the ability to perform spontaneous emission control by
localizing the QD near the wire surface. The colour scale in
Fig. 4d is labelled both in units of raw lifetime (left labels) and
Purcell factor (right labels), which is defined as FP¼ g=g0, where
g0 is the emission rate of the QD far from the AgNW and g is the
measured decay rate.


Probing the tip of an AgNW. Figure 5a is a scatter plot of data
recorded when a QD was scanned near one end of the AgNW,
while the intensity was monitored at the opposite end. Probing
the AgNW tip required several minutes of QD scanning. Over
this time span, sample drift can be appreciable, potentially
creating image distortion. To account for sample drift, the QD
position was measured relative to the wire end that was tracked
throughout the experiment. The ability to correct for drift
represents an important practical advantage of this approach,
enabling us to acquire images over long periods without
distortion.


The raw data presented in Fig. 5a can be used to construct an
image of the LDOS. The value of each pixel in the image is found
by taking a Gaussian-weighted spatial average of the raw data.
The Gaussian is centred at the location of the pixel and the s.d. is
set to 33 nm, corresponding to the rms-combined spatial accuracy
of the QD (12 nm) and the tracked AgNW end (30 nm)
(Supplementary Fig. S5). The reduced spatial accuracy at the wire
ends is attributed to the fact that their emission is much dimmer
than the direct QD emission, as can be seen in Fig. 3c. The
additional error incurred by tracking the wire end is not funda-
mental to the imaging procedure and could be largely removed by
using brighter tracking objects to monitor the drift. The resulting
two-dimensional image is shown in Fig. 5b. Comparison of the
measured LDOS profile with the calculated mode obtained from
FDTD simulations (Fig. 5c) shows good agreement. Figure 5d
plots the measured QD lifetime in the region around the AgNW
tip. Each lifetime measurement was obtained by combining all
photon events for which the QD was within a 33-nm radius of the
centre pixel location. The measured lifetime exhibits good
agreement with the results obtained from measuring the intensity
of the wire end.


Spatial oscillation of the LDOS due to interference. In addition
to the high field intensity at the wire end, the data in Fig. 5
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Figure 5 | Probing the tip of an AgNW. (a) Scatter plot of measured


positions and intensities near the end of the AgNW. The colour of each data


point corresponds to �I. The dashed region indicates the location of the


AgNW. (b) Reconstructed image using a Gaussian-weighted average. The


image intensity is normalized by its maximum. (c) FDTD simulation of the


AgNW mode profile showing an enhancement at the tip (also normalized


by its maximum). (d) Image of the measured QD lifetime as a function of
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suggest the presence of an oscillatory mode structure along the
sides of the AgNW. To examine this mode structure in more
detail, the LDOS was probed along a 500-nm region at one end of
a wire. The measurement results for �I are shown in Fig. 6a, where
position is once again plotted relative to the wire end to com-
pensate for drift. In this measurement, the QD was positioned as
closely as possible to the wire surface. Under these conditions,
most of the QD positions were measured within the dashed
AgNW region. Data points located within this region are attrib-
uted to the QD being pushed slightly onto the top of the wire,
which does not act as a perfect obstacle.


A periodic pattern is observed in the scatter plot along the
length of the AgNW. These oscillatory fringes arise from inter-
ference between the QD emission component coupled to the
forward propagating SPP wave and the backward propagating
wave that is reflected from the wire end46. The oscillatory pattern
is more readily observed in the Gaussian image reconstruction
(Fig. 6b). Figure 6c shows �I plotted as a function of the y
coordinate, where each data point is averaged over a ±33 nm
window centred at the y coordinate. Averaging is performed only
for points that are within 50 nm of the wire axis. By measuring
the peak-to-peak distance from Fig. 6c, we determine the
wavelength of the SPP mode to be 320 nm, which is consistent
with the 329 nm wavelength calculated from FDTD simulations.
The simulated FDTD field profile is displayed in Fig. 6d and
exhibits good qualitative agreement with the measured data.


The spatial dependence of the QD lifetime along the AgNW is
shown in Fig. 6e. The lifetime in a given pixel was measured by
consolidating all photon count events when the QD was within
33 nm of the centre location of the pixel. Figure 6f plots the QD
lifetime when photon counts were combined using the same
spatial window used to obtain Fig. 6c. A clear oscillation in the
QD lifetime is observed, mirroring the oscillations in intensity
from the wire end. The QD lifetime oscillation is caused by
interference between the spontaneous emission components of
the forward and backward propagating SPP waves. This


mechanism for modifying the spontaneous emission provides
an important means of controlling and optimizing light–matter
interactions between quantum emitters and nanophotonic
structures.


Discussion
The oscillations in Fig. 6 result from the interference between the
forward propagating SPP wave and the backward wave that
reflects from the near end of the AgNW. Interference will occur
so long as the length difference between the two paths of the SPP
waves is within the coherence length of the optical field, which
can be determined from the measured emission spectrum of a
single QD. This measurement was performed using a grating
spectrometer (Supplementary Fig. S6). The spectral bandwidth
of the QD emission, in units of free space wavelength, was
determined to be Dl0¼ 17 nm centred at a wavelength of
l0¼ 630 nm, which agrees well with other measured results47,48.
The coherence length of the field propagating in the AgNW can
be calculated directly from the measured spectral bandwidth
using the relation49


Lcoh¼
1


2p
l2


Dl
ð4Þ


where l¼ 320 nm is the measured wavelength of the SPP mode
and Dl¼Dl0ðl=l0Þ. From the measured QD emission
bandwidth and wavelength of the SPP mode, the coherence
length is calculated to be 1.89 mm, which is long enough to
observe good interference at a distance of up to 944 nm away
from the AgNW end. Thus, the relatively narrow emission
bandwidth of QDs makes them ideal candidates for studying
interference and coherent optical effects in plasmonic
nanostructures. It should be noted that other nanoscopic
emitters, such as fluorescent molecules and nitrogen vacancy
centres in nanodiamonds, can have much broader room-
temperature emission linewidths50,51, sometimes exceeding
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Figure 6 | SPP wave interference along an AgNW. (a) Scatter plot of the measured QD positions near the end of the wire. The colour of each data


point corresponds to the value of �I measured at each location. The dashed region indicates the location of the AgNW. (b) Reconstructed image using


a Gaussian-weighted average. The image intensity is normalized by its maximum. (c) Plot of an averaged value of �I as a function of position along


the wire. (d) FDTD simulation of the field intensity standing-wave pattern along the side of the AgNW (normalized by its maximum), with the profile within


the dashed wire region corresponding to the field immediately outside the wire. (e) Image of the measured QD lifetime as a function of position. The colour


scale is labelled with both lifetime and Purcell factor. (f) Plot of QD lifetime measured along the length of the AgNW.
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100 nm. These broad linewidths result in a significantly reduced
coherence length, making it more difficult to probe interference
effects without spectral filtering, which would result in a large
reduction of measured signal.


In conclusion, we have demonstrated a technique for both
nanoscale imaging of the LDOS of a AgNW and spontaneous
emission control using a single nano-manipulated QD. These
results enable on-demand control of light–matter interactions
and provide a highly flexible method to optimize coupling
between single quantum emitters and nanophotonic structures.
Additionally, the probing method that we have presented
could also find applications in the study of other nanoscale
phenomena such as Förster resonance energy transfer26 and local
electric field sensing52. We note that the demonstrated probing
technique is highly robust to emitter degradation and
photobleaching48. If the probe emitter degrades, it can be
discarded and a replacement can be selected from the ensemble
to continue the scan seamlessly, enabling image acquisition over
long integration times. Combining this probing scheme with
precision placement and immobilization of individually chosen
QDs39 would enable deterministic and optimized assembly of
active quantum emitter and plasmonic structures for
development of nanoelectronic devices8 and quantum optical
circuits4.


Methods
Fluid composition. The control fluid was composed of 45–48% by volume
ethoxylated-15 trimethylolpropane triacrylate resin (SR-9035, Sartomer), 1.25–1.4
wt% rheology modifier (Acrysol RM-825, Rohm and Haas Co.)53, 0.15–0.3% of a
zwitterionic betaine surfactant54 and CdSe/ZnS core-shell QDs (Ocean NanoTech,
Carboxylic Acid, 620 nm) in deionized water. The triacrylate resin causes the fluid
sheath to form. The surfactant was introduced to improve electroosmotic actuation
on the PDMS surface, while the rheology modifier was used to reduce Brownian
motion and inhibit unwanted adhesion of the QDs to surfaces.


Experimental set-up. The microfluidic device was composed of a moulded PDMS
cross pattern placed on top of a glass coverslip. The resulting channel was 5 mm in
height with a control region that was B100 mm in diameter. The QDs were excited
simultaneously by a 532-nm continuous wave laser at an intensity of 250 W cm� 2


and a 405-nm pulsed laser with a 10-MHz repetition rate at 35 W cm� 2. A fraction
(25%) of the QD emission was imaged using an EMCCD camera (Hamamatsu
C9100-13) operating at 10 Hz frame rate, while the remaining signal was focused
onto an APD (PerkinElmer SPCM-AQR) for time-resolved lifetime measurements.
Data were analysed using a time correlation single-photon-counting module
(PicoQuant PicoHarp300) that synchronizes photon events with camera frames.


Synthesis of AgNWs. AgNWs were synthesized by reducing AgNO3 with ethylene
glycol (EG)55. In a typical synthesis, 5 ml of EG (Fisher Scientific) was placed in a
50-ml round-bottom flask equipped with a condenser, a thermometer and a
magnetic stirring bar. After the EG was heated to 160 �C in an oil bath, 0.5 ml of
PtCl2 (Aldrich, 1.5� 10� 4 M in EG) was injected into the solution to synthesize 1–
5 nm precursor nanoparticles. After 4 min, 2.5 ml of AgNO3 (Aldrich, 0.12 M in
EG) and 5 ml of poly(vinyl pyrrolidone), (MwE40,000, City Chemical LLC, 0.36 M
in EG) were added simultaneously over 6 min with an accompanying colour
change from yellow to yellowish grey. When the AgNO3 had been completely
reduced by EG for 60 min, the solution was cooled to room temperature. To
remove the remaining EG, poly(vinyl pyrrolidone) and silver nanoparticles, the
solution was diluted with ethanol and centrifuged at 2,000 r.p.m. for 15 min. After
repeating several times until the supernatant became transparent, the solution
was redispersed in H2O. The resulting bicrystalline55 AgNWs were typically
100–120 nm in diameter and 3–10 mm in length, as determined by scanning
electron microscopy.


Finite different time domain simulation. Simulations were performed using the
Lumerical FDTD Solutions software package (http://www.lumerical.com). A 4-mm-
long AgNW with 100 nm diameter was simulated surrounded by a background
index of 1.4, which corresponds to the index of refraction for PDMS. The QD fluid
was assumed to have the same index. Simulations were performed by exciting the
AgNW with a transient dipole source, and calculating the field after the dipole
excitation had finished.
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Experimental realization of deep-subwavelength
confinement in dielectric optical resonators
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The ability to highly localize light with strong electric field enhancement is critical for enabling higher-efficiency
solar cells, light sources, andmodulators. While deep-subwavelengthmodes can be realized with plasmonic resonators,
large losses in these metal structures preclude most practical applications. We developed an alternative approach to
achieving subwavelength localization of the electric anddisplacement fields that is not accompaniedby inhibitive losses.
We experimentally demonstrate a dielectric bowtie photonic crystal structure that supports mode volumes com-
mensurate with plasmonic elements and quality factors that reveal ultralow losses. Our approach opens the door to
the extremely strong light-matter interaction regime with, simultaneously incorporating both an ultralow mode vol-
ume and an ultrahigh quality factor, that had remained elusive in optical resonators.
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INTRODUCTION
Light-matter interaction in an optical resonator is enhanced through
two confinement mechanisms: (i) temporal confinement, which is the
photon cavity lifetime and is characterized by the quality factor (Q), and
(ii) spatial confinement, which is the ability to localize light into a tightly
confined space and is characterized by the modal volume (Vm). Here,
the traditional definition of mode volume (Vm) is considered using
Eq. 1 (where E is the electric field and e is the permittivity), which is
most strongly scaled by peak electric field energy and ismost relevant
for applications relying on Purcell enhancement and strongly enhanced
nonlinear optical processes


Vm ¼ ∫eE2dV


maxðeE2Þ ð1Þ


Simultaneously achieving high confinement in both categories
has been a long-time pursuit in nanophotonics research and holds
the promise for revolutionary advances in generating, modulating,
and detecting light, including higher-efficiency light sources (1–4)
and solar cells (5–8), as well as faster and lower power consumption
optical switches and modulators (9–13). Plasmonic and metal-based
metamaterial structures are capable of concentrating light into deep-
subwavelength volumes [that is, mode volume =Vm~ 10−3 (l/nair)


3] by
accessing a surface plasmon resonance (6, 14, 15). However, resistive
heating losses lead to poor temporal confinement (that is, quality
factor = Q ~ 10) and prohibit the realization of practical devices that
require propagation of energy (16). Recent work replacing metals with
all-dielectric materials has led to encouraging progress for enhanced
spatial light localization through scattering in high-index dielectric
nanoparticles, but the lack of an intrinsic confinement mechanism
within these dielectric structures has prevented light concentration on
par with plasmonics. Furthermore, the scattering mechanism in these

subwavelength dielectric nanoparticles is incapable of providing tem-
poral confinement (17–19).


Historically, low-loss dielectric structures, such as interferometers
and ring resonators, have been the building blocks of photonic tech-
nologies, but they are diffraction-limited and are therefore unable to
focus light below l/2nd, where nd is the refractive index of the dielectric
material in which the optical mode is confined. Photonic crystals have
provided the best confinement in lossless dielectric materials to date
(20). Typical photonic crystals use a simple unit cell geometry—circles
or rectangles (21–23)—and have a Vm ~ 1 (l/nd)


3. Slotted photonic
crystal cavities can further squeeze light into a nanoscale low-index
regionby designing an abrupt index discontinuity along the electric field
polarization direction. Slotted photonic crystal cavities reduce theVm to
~0.01 (l/nair)


3, almost two orders of magnitude lower than traditional
photonic crystal cavities (24, 25). However, it is difficult to achieve deeper
subwavelength confinement via a slot configuration alone. In addition,
because slotted photonic structures inherently confine cavitymodeswith-
in a low-index region, they are not suitable for applications requiring
strong light-matter interaction in high-index materials, such as silicon
or many highly nonlinear optical materials.


While spatial localization of photons typically occurs due to a single
physical mechanism, such as total internal reflection in waveguides and
photonic bandgap confinement in photonic crystals, it is apparent
from previous work that a second level of spatial localization is possi-
ble (6, 15, 24–26). In the case of slotted photonic crystal waveguides,
light is first confined in the dielectric mode by the photonic bandgap
effect such that light is spatially localized in the dielectric region be-
tween the lattice holes. Then, introduction of an air slot that cuts
through the dielectric region further localizes the light within this
air slot due to electromagnetic boundary conditions. Our previously
reported theoretical study suggests that this two-step light confine-
ment effect can be best exploited to achieve lowmode volume by using
subwavelength modifications of the photonic crystal lattice holes rather
than the dielectric region between lattice holes (26). In that study, light is
first confined in the air mode by the photonic bandgap effect such that
light is spatially localized inside the lattice air holes. Then, a bowtie-
shaped subwavelength dielectric inclusion added to the lattice holes
enables redistribution of the optical mode to the tips of the bowtie as
a result of electromagnetic boundary conditions. The two-step light lo-
calization process in photonic crystals preserves the high-Q nature of
the photonic crystal cavity. A later theoretical study also found that a
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bowtie-shaped subwavelength dielectric inclusion in the center of a
slotted photonic crystal nanobeam with a 1-nm air gap between the
bowtie tips enables extremely high Q/Vm values (27). Here, we intro-
duce design improvements to bowtie-shaped photonic crystal unit cells
that enable additional mode confinement in the out-of-plane direction
accompanied by a commensurate increase in the peak electric field
strength, and we experimentally demonstrate a bowtie photonic crystal
cavity with a loaded Q factor on the order of 105 and record deep-
subwavelength mode confinement in silicon [Vm ~ 10−3 (l/nSi)


3]
that is verified by optical near-field measurements. This extreme
light concentration is on par with plasmonic resonators, yet the low-loss
dielectric material allows a concurrent ultrahigh Q factor (26).
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RESULTS
Bowtie photonic crystal cavity design
To achieve improved out-of-plane modal confinement in the bowtie
unit cell compared to our previous design of a bowtie photonic crystal,
a thickness modulation is added in the bowtie tip region to form a
v-groove cross-sectional profile that is experimentally realizable.
Figure 1 compares the energy distribution in the v-groove bowtie unit
cell to a traditional circular unit cell with and without an air slot. The
extreme light localization at the bowtie tips leads to an 80-fold increase
in the peak electric field amplitude compared to the circular unit cell
and an eightfold increase compared to the slotted unit cell.


A silicon photonic crystal cavity is designed using the bowtie-shaped
unit cell with the v-groove by slowly varying the radius of the unit cell,
as shown in Fig. 2A. Because the dielectric bowtie element is inside the
envelope of a traditional air hole, the photonic crystal is designed to
confine the air mode such that light is localized into the air hole region
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and then further localized to the tips of the dielectric bowtie within the
air hole region. The band diagram in Fig. 2B shows that the air mode
of the bowtie photonic crystal cavity unit cell lies within the mode
gap of the mirror unit cells, providing the requisite confinement
for the cavity mode. The wavelength of the cavity air mode is ap-
proximately 1570 nm at the band edge [kx = 0.5(2p/a)]. As is the case
for all one-dimensional (1D) photonic crystal cavities, theQ factor of
the bowtie photonic crystal cavity is governed in large part by the
band gap tapering from the cavity to mirror unit cells. We choose to
transition between the center and mirror unit cells in a quadratic fash-
ion, similar to the approach followed in other high-Q photonic crystal
designs (21–23).


Figure 2 (C and D) shows the top and side view profiles of the
optical mode in the center cavity unit cell, and the electric energy
(proportional to ɛE2) across the bowtie photonic crystal cavity is shown
in Fig. 2 (E and F) and fig. S2 (A and B). We note that, because the
dimensions of the bowtie photonic crystal are the same for all
simulations, the electric energy is directly proportional to electric
energy density. In this simulation, there are 20 tapering unit cells
between the central cavity unit cell and the 10 mirror unit cells on
each side of the cavity; not all unit cells are shown in the figures.
The mode is highly confined between the bowtie tips in the central
cavity unit cell (fig. S2, C and D) and decays gradually into the mirror
segments, giving a Gaussian-shaped electric energy profile that mini-
mizes radiation losses (fig. S2E). At the resonance wavelength of l =
1561.12 nm, the simulated Q factor is 6.55 × 106. The Vm is calculated
to be 6.09 × 10−4 mm3 using Eq. 1. Given the small dimensions of the
bowtie tip, the mode extends partially in air and partially in silicon.
Hence, the normalized mode volume should fall between that of the
mode volume normalized to the wavelength in silicon [Vm = 6.7 ×
10−3 (l/nSi)


3] and the mode volume normalized to the wavelength in
air [Vm = 1.6 × 10−4 (l/nair)


3]. This mode volume is about two orders
of magnitude smaller than those of other photonic crystal cavities, as
shown in table S1 (22–24, 28, 29).


Fabricated bowtie photonic crystal cavity and measured
Q factor
Figure 3A shows a scanning electronic microscope (SEM) image of
the fabricated bowtie photonic crystal with 20 tapering unit cells
and 10 mirror unit cells on each side of the central cavity unit cell.
The width of the bowtie tip connection is estimated to be approximately
12 nm (Fig. 3B). Given that there are only a few pixels comprising
the bowtie tip, this value has a relatively large error bar of ±5 nm.
The bowtie angle is estimated to be approximately 57°. The radii of
center and mirror unit cells are measured to be 147 and 190 nm,
respectively. The width of waveguide is measured to be 691 nm.
Figure 3C shows a titled SEM image that reveals the v-shaped struc-
ture at the bowtie tip; the unit cells shown in this image are from a
photonic crystal fabricated by the same process as the one in Fig. 3A
but released from the oxide substrate using a buffered hydrofluoric
acid etch. Transmission measurements carried out on the bowtie pho-
tonic crystal show that the fundamental mode at lr = 1578.85 nm
has a loaded Q of approximately 1 × 105 (Fig. 3D). The modes
supported by the photonic crystal are located near the short wavelength
band edge (~1520 nm), which is consistent with design (Figs. 2B and
3D). The transmission intensity of the resonance peaks is low com-
pared to that of the band edge (fig. S3) due to the high mirror con-
finement in the cavity. We anticipate that higher Q resonances can
be designed and measured by using alternate coupling techniques

Fig. 1. Comparison of light concentration in different photonic crystal unit cells.
(A and B) Traditional circular unit cell of a photonic crystal and its electric energy
profile at the dielectric mode band edge. (C and D) Slotted photonic crystal unit
cell and its electric energy profile at the dielectric band edge. (E and F) Bowtie
photonic crystal unit cell and its electric energy profile at the air band edge. The
tip of the v-groove is modeled to extend down to the middle of the silicon slab.
(G) 3D profile of the mode in the bowtie unit cell showing the electric energy
distribution. All profiles are taken at the middle of the silicon slab. All color maps
are scaled according to the minimum and maximum electrical energy values of
each individual unit cell. The maximum electric field amplitude in each unit cell
scales as follows: traditional circular unit cell = 1 (normalized), slotted unit cell = 10,
bowtie unit cell = 80.
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that allow light to be coupled directly into the cavity instead of first
passing through the mirror unit cells (for example, side coupling or
evanescent coupling from a fiber).


Near-field measurements
To experimentally verify the simulated optical field distribution of
the bowtie photonic crystal resonators, we used apertureless near-

Hu et al., Sci. Adv. 2018;4 : eaat2355 24 August 2018

field scanning optical microscopy (NSOM) to probe the resonance
mode. Considering the practical constraints of the NSOM system,
the structure shown in Fig. 3 is not ideal for NSOM measurements
due to the narrow resonance linewidth (~15 pm) and low transmission
intensity (~0.04). Accordingly, a bowtie photonic crystal is designed
and fabricated with reduced mirror confinement (five mirror unit cells
on each side of the cavity) to increase both the linewidth (~50 pm)

Fig. 2. Design of siliconphotonic crystal using a bowtie-shaped unit cell. (A) The cavity is formedwith a center unit cell of 150 nm radius andmirror unit cells of 187 nm radii
on both sides of the cavity. The radius is gradually tapered from the center to the mirror segments. The photonic crystal lattice spacing is a = 450 nm, and the width of the
waveguide is 700 nm. The structure is designedwith a 220-nm silicon device layer and a 2-mm-thick buried oxide layer. (B) Optical band structures of the cavity unit cell (red curve)
andmirror unit cell (blue curve). (C) Top view (xy plane) and (D) cross-sectional view (yz plane) schematics and associated air band edge electrical energy in the center unit
cell. (E) Log plot of the photonic crystal cavity electric energy distribution at the resonance wavelength in the xy plane at z = 0 (v-groove tip). (F) Log plot of the photonic crystal
cavity electric energy distribution at the resonance wavelength in the xz plane at y = 0 (bowtie tip). Figure S2 (A and B) shows the same mode profiles using a linear scale.

Fig. 3. Transmission of fabricated bowtie photonic crystal. (A) SEM image of the bowtie photonic crystal. (B) Zoomed-in image of a single unit cell in the red box in
(A). (C) Tilted SEM image of an undercut bowtie photonic crystal revealing the out-of-plane profile. (D) Measured transmission spectrum. The fundamental mode hasQ~ 100,000
at l = 1578.85 nm. The second-order and third-order peaks are located at 1562.20 and 1546.96 nm, with Q factors of 21,800 and 5156, respectively. a.u., arbitrary units.
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and transmission intensity (~0.2), as shown in fig. S4. Because the
mode is tightly confined in the cavity, the mode volume is not changed
by reducing the number of mirror unit cells (Vm = 6.09 × 10−4 mm3


for five mirror unit cells). Consequently, conclusions drawn from
NSOM measurements on the five-mirror unit cell bowtie photonic
crystal are also applicable to the higher Q cavities with additional
mirror unit cells. The NSOM operates in a tapping mode in which
the tip oscillates from 0 to 30 nm above the sample surface. There-
fore, the near field measured by the NSOM does not directly cor-
respond to the calculated mode volume within the bowtie (Fig. 2E).
To correlate experiment and simulation, we simulate the electric
energy localization in the central unit cell of bowtie photonic crystal
at 15 nm above the silicon surface as an estimate of the expected av-
erage scattering field that can be detected by the NSOM (Fig. 4A). The
calculated size of the electric energy localization, which is esti-
mated by the full width at half maximum (FWHM) of the electric
energy distribution in the unit cell, linearly increases from the
center of the silicon slab (fig. S5) and is estimated to be ~183 nm
along the y direction and 143 nm along the x direction at a distance
of 15 nm above the silicon surface. Figure 4 (B and C) shows the
atomic force microscope (AFM) topology and simultaneously

Hu et al., Sci. Adv. 2018;4 : eaat2355 24 August 2018

measured optical near-field mapping of the bowtie photonic crystal
cavity, respectively. The shape of the bowties shown in Fig. 4B is
distorted due to the resolution limit of the AFM mode of the NSOM
when measuring bowtie features that reside below the surface of the
sample using a tapping mode above the surface of the sample. The
SEM image shown in the inset of Fig. 4B reveals the actual shape of
one of the bowtie unit cells in this sample. The measured electric
energy (Fig. 4C) is confined at the bowtie tips, in agreement with
the simulated electric energy (Fig. 4A) distribution in the cavity.
Figure 4 (D and E) shows the measured electric energy profiles
along x and y slices of the central unit cell. We identify the silicon
region as the shaded area in Fig. 4 (D and E), based on AFM mea-
surements (Fig. 4, D and E, dotted line). The simulated electric
energy profiles are shown by the blue curves in Fig. 4 (D and E).
The NSOM-measured profile (red markers) along the y slice through
the center of the cavity shows a sharp tip of the field at the bowtie
center, indicating a concentrated electric energy. The size is estimated
to be ~175 nm by considering the FWHM of the electric energy
distribution in the central cavity unit cell, which is in agreement with
simulation. The NSOM-measured field profile along the x slice
through the center of the cavity has an FWHM of ~267 nm.We attribute
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Fig. 4. Analysis of spatial confinement via NSOM measurements. (A) Schematic of bowtie photonic crystal cavity with overlay of simulated electric energy 15 nm
above the silicon surface, where the NSOM measures the scattered field. (B) AFM measurement and (C) corresponding electric energy distribution, as measured by
NSOM. The inset in (B) shows a higher-resolution SEM image of one of the bowtie unit cells from the measured cavity. (D and E) Simulated and NSOM-measured near-
field profile along the y direction and x direction, respectively, along with superimposed AFM line scan.
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the discrepancy between the experimental and simulation results to a
combination of the influence of the NSOM tip itself on the electric
energy distribution and to the fact that NSOM preferably detects the
Ez signal, while the photonic crystal is designed for transverse electric
(TE)–polarized light (that is, mainly Ey component). We note that
the measured dimensions of the electric energy localization along
the x and y directions of the bowtie photonic crystal are within a
factor of 2 of those of plasmonic resonators measured using NSOM
systems, as shown in table S2 (14, 30, 31). Moreover, although the
field distribution for the bowtie photonic crystal and plasmonic bow-
ties is different, the calculated mode volume, which, in the case of the
photonic crystal, spans multiple unit cells, is nearly identical.
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DISCUSSION
Our work demonstrates that a dielectric resonator can serve as a
promising alternative to lossy metals for extreme light concentration
and manipulation. Further optimization of the design and fabrication
parametersmay lead to bowtie photonic crystals with an even higherQ/
Vm ratio. We believe that our work provides two specific contributions
for future research. First, it showcases the power of combining sub-
wavelength dielectric structure with photonic band theory. Engineering
the photonic bandgap overcomes the challenges encountered while
confining optical modes in nanoscatterers, enabling the design of
nanoscatterers that are able to precisely adjust the optical mode distri-
butions at subwavelength scales. Second, we prove that it is possible in a
single, low-loss structure to achieve amode volume commensurate with
plasmonic elements while maintaining a quality factor that is char-
acteristic of traditional photonic crystal cavities. Such an unprecedented
strong light-matter interaction platform can facilitate the advancement
of science in a broad range of applications, including low-power opto-
electronics (1, 3, 4, 9–12), nonlinear optics (6, 13, 20), and quantum
optics (32, 33).
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MATERIALS AND METHODS
Finite-difference time-domain simulations
The numerical simulations presented in this studywere carried out with
three-dimensional finite-difference time-domain (FDTD) analysis
using commercial software, Lumerical FDTD (Lumerical Solutions
Inc.). The band structures and mode profiles of the unit cells in Fig. 2
were calculated using FDTD. The center xy plane of the silicon slab was
defined as the z = 0 plane, and the bowtie tip of the central unit cell was
defined as the origin point x= 0, y= 0 in the paper. The photonic crystal
lattice spacing is a = 450 nm, and the width of the waveguide is 700 nm.
The radius of the center unit cell is 150 nm, and the radii of the mirror
unit cells are 187 nm. The bowtie tip angle is designed to be 60°. The
out-of-plane height of the bowtie tip center is defined to be half of the
thickness of the silicon slab to be consistent with the dimensions of
the fabricated structures. The bowtie height is linearly tapered over
an in-plane distance equal to 75 nm such that the vertical angle is 34°
(see Figs. 2D and 3C). The mesh size within the photonic crystal lattice
holes was chosen to be a uniform 4 nm per grid, while the remainder of
the simulation space is meshed by the Lumerical default conformal
mesh. For the cavity simulation, symmetric boundary conditions were
applied along the x direction, and antisymmetric boundary conditions
were applied along the y direction to reduce the calculation time. The
source was defined as amagnetic dipoleHz at the (225 nm, 0 nm, 0 nm)
coordinate.
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Photonic crystal design
The photonic crystal tapering follows the quadratic tapering


ri ¼ r0 1þ i
m


� �2
 !


ð2Þ


where


m ¼ Ncffiffiffiffiffiffiffiffiffiffiffiffi
rm
r0
� 1


q ð3Þ


In the above expressions, r0 and rm are the radii of the cavity andmirror
unit cells, respectively, and Nc is the number of taper unit cells on each
side of the cavity. In our design, r0 = 150 nm, rm = 187 nm,Nc = 20, and
there are 10 mirror unit cells on each side of the cavity. Transmission
measurements become challenging for a larger number of taper unit
cells or larger number of mirror unit cells as the intensity of the funda-
mental mode approaches the noise floor.


Fabrication
The photonic crystals were fabricated on 8-inch silicon-on-insulator
wafers with a 220-nm device layer and 2-mm-thick buried oxide layer
(Soitec) using an electron beam lithography process on a Leica VB6-HR
100kV system.We note that, to obtain the v-groove shape at the bowtie
tip, a dose gradient was manually assigned to create a grayscale height
profile in the electron beam photoresist. After patterns were transferred
to the device layer through a reactive ion etch process, a second lithog-
raphy stepwas carried out to define an SU8 polymermode coupler. The
SU8 coupler was designed to be 3 mmwide and 2 mm thick tomatch the
optical mode of the lensed fiber tip.


To attain a high-resolution SEM image of the v-groove at the bowtie
tip center, an undercut process was performed to remove the buried
oxide layer on one of the bowtie photonic crystal samples. For the
undercut procedure, an additional lithography step was carried out to
open a window for the undercut region. The sample was soaked in buf-
fered oxide etchant (10:1) for 20 min to etch away approximately 1 mm
of the buried oxide layer.


Measurements
In preparation for optical measurements, samples were cleaved across
each end of the bus waveguide, several millimeters away from the cen-
tral device, and mounted on an XY positioning stage. Piezo-controlled
XYZ stages were used to position and couple light to/from polarization-
maintaining lensed fibers (OZOptics Ltd.). A tunable continuous-wave
laser (Santec TSL-510) was used to perform passive transmission mea-
surements, using quasi-TE polarization, over the wavelength range of
1500 to 1630 nm.


For the optical near-field measurements, a high-quality etched
silicon AFM probe (Bruker TESPA-V2) with a nominal tip radius of
8 nm was put in intermittent contact at a frequency f0 near the surface
of the samples. The changes in the in-line transmission measurements
due to the intermittent perturbation of the optical mode by the AFM
probe were recorded with a near-infrared high-sensitivity avalanche
photodetector (APD module Hamamatsu C5460SPL) and demodu-
lated with a lock-in amplifier locked at a frequency f0. The transmitted
signal is related to the amplitude squared of the local electric near field
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normalized to the power carried by the optical mode. An optical image
is constructed based on the demodulated in-line transmissionmeasure-
ments as the AFM probe raster scans the sample (scan direction is
x direction) at an average distance of 15 nm from its surface. A topogra-
phy image was recorded simultaneously to the optical near-field image.
A tunable continuouswave laser (PhotoneticsTunicsECL1560)was used
to perform the in-line transmission measurements, using quasi-TE
polarization, over the wavelength range of 1500 to 1630 nm.
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SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/8/eaat2355/DC1
Fig. S1. Design of photonic crystal cavity in an FDTD simulation.
Fig. S2. Resonance mode profile.
Fig. S3. Broadband transmission spectrum of bowtie photonic crystal cavity shown in Fig. 3D.
Fig. S4. SEM image and transmission of the bowtie photonic crystal cavity characterized by
NSOM.
Fig. S5. Position-dependent electric energy distribution in the central cavity unit cell of the
silicon bowtie photonic crystal.
Table S1. Calculated mode volume (Vm) and measured quality factor (Q) of different photonic
crystal (PhC) cavities including the bowtie photonic crystal cavity presented in this work.
Table S2. NSOM-measured mode sizes of plasmonic structures in comparison to dielectric
bowtie photonic crystal reported in this work.
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