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Here we demonstrate an active method which pioneers in utilizing a combination of a spatial frequency
shift and a Stokes frequency shift to enable wide-field far-field subdiffraction imaging. A fluorescent
nanowire ring acts as a localized source and is combined with a film waveguide to produce omnidirectional
illuminating evanescent waves. Benefitting from the high wave vector of illumination, the high spatial
frequencies of an object can be shifted to the passband of a conventional imaging system, contributing
subwavelength spatial information to the far-field image. A structure featuring 70-nm-wide slots spaced
70 nm apart has been resolved at a wavelength of 520 nm with a 0.85 numerical aperture standard objective
based on this method. The versatility of this approach has been demonstrated by imaging integrated chips,
Blu-ray DVDs, biological cells, and various subwavelength 2D patterns, with a viewing area of up to
1000 μm2, which is one order of magnitude larger than the previous far-field and full-field nanoscopy
methods. This new resolving technique is label-free, is conveniently integrated with conventional
microscopes, and can potentially become an important tool in cellular biology, the on-chip industry, as
well as other fields requiring wide-field nanoscale visualization.
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The resolution of conventional optical imaging systems is
limited by their inabilities to capture exponentially decaying
evanescent waves in the near field, which carry subwave-
length spatial information about the objects being examined.
While nanoscopy has been greatly improved by labeling
techniques [1–4], the development of label-free subdiffrac-
tion imaging, which is significant for antirejection and
chromophore-incompatible conditions, remains rather slow.
In particular, near-field scanning optical microscopy has
achieved spatial resolutions down to ∼20 nm by scanning
objects using a nanotip in the near field [5–12]. However, to
avoid invasion and perturbance, breaking the diffraction limit
in the far field is highly desirable [13–18]. Recent develop-
ments in hyperlens and microsphere contacting technologies
to achieve label-free far-field subwavelength resolution have
brought new opportunities but still face the limitations of a
confined spectral range and a small field of view (FOV),
respectively [13,14,19]. Achieving wide-field, label-free
optical images for diverse subwavelength objects in the
far field would be a significant breakthrough, with promising
applications in biology, chemistry, and physics.
One-dimensional (1D) nanomaterials have shown great

promise for high-sensitivity and high-resolution detection
and imaging, which are widely applied in areas including
communication, diagnosis, and environmental monitoring

[5,6,20]. The 1D nanomaterial-based light emitters, owing to
their strong light localization [21,22], ultrasmall footprint
[23], high mechanical flexibility [24], large aspect ratio
[25,26], and large fractional evanescent field [27], could be
used to break the bottleneck in nanoscopy and allow wide-
field far-field subdiffraction imaging at multiple wave-
lengths [28,29].
In our design of nanowire ring (NWR) illumination

microscopy (NWRIM), a fluorescent NWR acts as a
localized source and is combined with a film waveguide
to produce omnidirectional evanescent waves with large
transversewave vectors (TWVs) to interact with an object in
awide area. The high spatial frequencies of the object can be
shifted to the central position of the frequency domain, in the
passband of a conventional imaging system (S2.1 [30]).
Consequently, the final wide-field image captures fine
features of the object and possesses an enhanced resolution.
The ring-shaped light source enables a 2D spatial frequency
shift for 2D imaging. TheStokes frequency shift between the
NW’s fluorescence and the pumping laser enables the
pumping laser to be filtered for a high signal-to-noise-ratio
(SNR). Furthermore, the high luminescence efficiency and
highmechanical flexibility of the semiconductor NWsmake
this NWRIM efficient and reliable for subdiffraction imag-
ing [31–33].
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Figure 1(a) shows the schematic of the NWRIM. A
semiconductor NWR is placed on a subwavelength film
waveguide. When the NW is pumped, fluorescent light
effectively couples to and propagates in the underlying film.
Because of the nanoscale thickness of the film, a high
proportion of the evanescent wave distributes on the top
surface during the light propagation [27] (Fig. S13). The
object on the film surface perturbs the propagation of the
evanescent wave, and the scattered light is collected by a far-
field objective. We can analyze the interaction between the
object and incident evanescent wave as follows. The object is
considered as a superposition of a series of sine or cosine
gratings that would give “momentum” to the incident
photons. The TWVof the output light can be calculated by

k0 ¼ kþ 2πΛ; ð1Þ
where Λ is the spatial frequency of one grating component
and k is the TWVof the input light. A grating component with
a larger spatial frequency corresponds to finer structures in the
object. Considering a gratingwith a spatial frequencyΛ larger
than 1=λ, the output TWV is greater than 2π=λ if the incident
TWVisvery small comparedwith2πΛ. The output light turns
out to be a near-field evanescent wave. In NWRIM, the TWV
of the incident wave is 2πneff=λ, which can offset 2πΛ when
neff is high enough (neff is the effective refractive index of the
propagation mode in the film waveguide). The output light
with a small TWV sum is able to reach the far field for
detection as a propagation wave.
Using the Ewald sphere of reflection [34], the relation-

ship between the detected scattered light and the spatial
features of the object can be expressed by

Aðk0;kÞ ¼ P

� jk0j
NA × k0

�
× Fðk0 − kÞ; ð2Þ

where k0 ¼ 2π=λ, k is the TWVof the incident illumination
wave, k0 is the TWVof the scattered light, Aðk0;kÞ is the
amplitude of the scattered light which can be detected in
the far field, NA is the numerical aperture of the objective,
Pðjk0j=NA × k0Þ is nonzero only when jk0j < NA × k0,
and Fðk0 − kÞ is the Fourier spectrum of the object’s
scattering potential at ðk0 − k=2πÞ. The range of k0 − k
that satisfies a nonzero Aðk0;kÞ is marked by shadow
circles in Fig. 1(b), for a conventional illumination (blue)
and an evanescent wave illumination (orange), respectively.
In conventional illumination, both the incident and col-
lected directional vectors are confined by the NA of the
conventional imaging system. Consequently, the far-field
detectable Fourier components are limited to a circle with
radius of 2NA × k0 [larger blue circle in Fig. 1(b)]. The loss
of the high order of Fourier components leads to a loss of
detailed information during the imaging process. While
under evanescent wave illumination with the TWV keva, the
spatial frequencies carried by the far-field scattered field are
centered at ð−keva=2πÞ. The highest detectable spatial
frequencies are enlarged, as shown by the larger orange
circle with a radius of j − kevaj=2π þ NA=λ in Fig. 1(b).
Consequently, a higher resolution can be achieved.
We have used several types of materials with different

refractive indices as the subwavelength film waveguide,
including SiO2, Al2O3, and TiO2. Figure 2(a) shows an
85 nm slot structure with 85 nm spacing on 200-nm-thick
Al2O3 film. The center-to-center distance between the two
slots is much below the conventional diffraction-limited
resolution (R ¼ 373 nm) but well resolved under a CdSNW
illumination [Fig. 2(b), λ ¼ 520 nm]. The scattered field is
shown in Figs. 2(d) and 2(e). The Fourier transformation of
the scattered field [Fig. 2(g)] is the same as the object’s
spatial frequencies centered at (−keva=2π, 0) [orange circle in
Fig. 2(f)]. The far-field image calculated based on the
scattered field [35] (S1.3) shows the slot-pair feature in
Fig. 2(h), quite consistent with the experimental results. The
simulations verify that the frequency shift effect contributes
to the high resolution of the experimental observations. After
a deeper analysis, we find that, under the evanescent wave
illumination, the image amplitude of a subwavelength slot
pair can be approximated as

IðxÞ ¼ AðxÞ þ expðiakevaÞ × Aðx − aÞ; ð3Þ
where AðxÞ is the image amplitude of a single slot under
evanescent wave illumination, and a is the center-to-center
distance between the two slots. When π=2keva < a <
3π=2keva, the evanescent wave-matter interaction leads to
an intensity valley between the two slots, which makes them
resolvable (S2.2). And a magnification is possible, resulting
in a wider imaging interval between the two slots [Fig. 2(i)].
The reconstructed image that involves both the low and high
spatial frequencies has the same interval distance as the
object, as well as a high resolution (Figs. S23 and S24). This
analysis of slot-pair images would work equally well for

FIG. 1. Schematic of the NWRIM. (a) Schematic of the con-
figuration and imaging process. A hexagon array is used as an
example object to show the effect of NWRIM. Under an omni-
directional evanescent illumination from the fluorescent NWR, the
subdiffraction nested features of the central hexagon show up in the
far-field image. (b) The basic mechanism of the NWRIM method.
kc and k0

c are the TWVs of the illuminating and scattered light,
respectively, under conventional illumination.keva andk0

eva are the
TWVs of the illuminating and scattered light, respectively, under
NWR evanescent illumination.
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dot-pair images.We note that this evanescent wave-structure
interaction is unlike the destructive interference between
different modes in nanoantennas or nanocavities. It barely
depends on the size of each subwavelength slot (Figs. S6 and
S7), whereas the nanoantenna effect is strongly size depen-
dent [36]. We have also successfully resolved a trislot
structure (130 nm slot, 130 nm spacing) on the Al2O3 film
(Fig. S17) under 700 nm wavelength evanescent wave
illumination (NA ¼ 0.75). A higher film refractive index
leads to a higher TWV of the evanescent wave and thus
increases the shift value in the spatial frequency spectrumand
hence the potential resolution. A slot pair with 70 nm slot and
70 nm spacing is clearly resolved on a 150-nm-thick TiO2

film, with an imaging magnification factor up to ×3.2
(Fig. S9). According to our simulation, the finest resolvable
center-to-center distance on a 200-nm-thick TiO2 film is
70 nm under a ZnO NW illumination (Table S2 in S3.1).

NWRIM is applicable not only to objects embedded in
the film but also to objects placed on it. A subdiffraction
image was successfully achieved for a ridge-pair structure
(Fig. S18). Further comparison experiment with a damaged
film surface proved the key to achieving subdiffraction
imaging is the effective coupling of fluorescent light into
the film as an evanescent or guided field (Fig. S11).
To achieve subdiffraction resolution in a wide FOV, the

photoluminescence of the NW plays an indispensable
role. When the NW functions as a passive waveguide, the
evanescent wave is confined near the NWand can illuminate
only patterns in its vicinity [Figs. 3(a) and S10] [37].
However, when the NW actively fluoresces, the emission
couples to the underlying film and propagates radially to
cover a much broader view [Figs. 3(b)–3(d)]. Table S1 (see
S2.4) lists some main parameters for recently reported far-
field label-free nanoscopy.TheFOVofNWRIMis at least one
order of magnitude larger than the other kind of techniques.
As discussed, the high spatial frequency can be shifted to

enhance the resolution along the incident direction of the
evanescent wave. However, to achieve 2D subdiffraction
imaging, the illuminating wave vectors should cover all the
directions in the object plane. A limited incident range
leads to incomplete imaging [Fig. 4(b)]. Thanks to the high
aspect ratio and high flexibility of semiconductor NWs, an
illumination covering all angles can be easily realized by
circling the NW around the observed object. We have
conducted ring illumination experiments on different
films for various 2D patterns [Figs. 4(c),4(e), and 4(g)].
Subwavelength feature sizes are resolved in these 2D
subdiffraction images, such as the 76 nm slots and
76 nm spacing of a “ZJU” pattern. Additionally, an optimal
diameter of the NWR can ensure the illumination uniform-
ity and a low background, which is dependent on the light
propagation in the film waveguide. For a SiO2 film coating
on Si substrate, an NWR diameter around 10 μm is best
(Fig. S14). Compared with the SiO2-Si substrate, the
Al2O3-SiO2-Si bilayer substrate can propagate more stable

FIG. 2. Imaging of a pair of 85-nm-wide slots spaced 85 nm apart
on an Al2O3-SiO2-Si substrate. (a) Scanning electron microscopy
(SEM) image of the slot pair. (b) Far-field opticalmicroscopy image
of the slot pair under NW illumination. The images under NW
illumination (lower inset) and conventional illumination (upper
inset) are magnified for clarity. NA ¼ 0.85. (c) Cross-sectional
intensity distribution of images under NW illumination (black
curve) and conventional illumination (red curve). (d) Simulated
cross-sectional view of the near field to far-field scattering process.
The field intensity is shown on a log scale. (e) Far-field electro-
magnetic field distribution (2 μm above the object plane) of the
scattered light. (f) Frequency spectrumof the slot pair. Thegreenand
orange circles are centered at (0, 0) and (−keva=2π, 0), respectively.
Their radius is 1=λ. (g) Fourier transformation of the scattered light.
(h) Simulated far-field image with an ideal aberration-free 0.85 NA
imaging system. (i) Schematic of the amplitude distribution of the
image for each slot (green and orange lines) and the total image
(gray line). OD and ID are abbreviations for “object distance” and
“image distance,” respectively.

FIG. 3. (a),(b) Simulated cross-sectional field distribution when
the NW works (a) passively and (b) actively on an Al2O3-SiO2-Si
substrate, respectively. Intensity is shown on a log scale.
(c) Simulated field magnitude in the Al2O3 film along the
propagation direction. (d) Image of a stair-shaped slot-pair array
under NW illumination.
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evanescent waves and the NWR diameter can be enlarged to
40 μm in experiments [Figs. 3(d) and S15]. The theoretical
propagation distance is much larger [Fig. 3(c)], and we
expect an improved ring diameter andFOVbyoptimizing the
film quality in the future.
It is noteworthy that NWRIM is different from total

internal reflection fluorescence (TIRF) microscopy and
total internal reflection microscopy (TIRM), although all
of them induce evanescent waves in the imaging process
(Supplemental Video 1). TIRF uses evanescent waves to
stimulate fluorophores labeled in the sample. The fluorescent
light is detected as signals and forms a totally incoherent
image with high vertical resolution but diffraction-limited
lateral resolution. TIRM uses coherent evanescent illumina-
tion to achieve lateral subwavelength imaging; however, it
suffers from a lowSNR, because the scattered signal light has
the same wavelength as the external input laser. NWRIM
combines the advantages of TIRF and TIRM and adopts a
totally different way to stimulate evanescent waves: The
evanescent waves are stimulated by the fluorescent NWR.
The cooperation between the spatial frequency shift and
the Stokes frequency shift in NWRIM enables the super-
lateral resolutionwith awide FOV, aswell as suppressing the
background noise by selecting the signal using a bandpass
filter.What ismore, the partial coherence of theNWemission
also helps to prevent coherent artifacts and improve the
speckle-free full-field imaging [38]. The ring-shape design of
the NW in NWRIM makes it convenient to achieve omni-
directional illumination for 2D imaging. In addition, the
nanofootprint of the fluorescent NW leads to a much smaller
device size. Compared with structured illumination micros-
copy [39], another wide-field far-field microscopy, NWRIM

enables label-free observation and possesses a greater
potential to improve the spatial resolution by using the
near-field evanescent waves rather than the far-field propa-
gation waves for illumination. Compared with other far-field
nanoscopy imaging methods, such as the hyperlens [14],
microsphere or nanofiber contact lens [13,37], and nanorod
array [17] technologies, NWRIM significantly improves the
FOV, which has reached up to around 1000 μm2 in a single
shot [Figs. 3(d), 4(g), and 5(b)].
Nowadays, with the developments in cell biology, on-chip

industry, and molecular- or atomic-scale research, the
demands for fast, wide-field, label-free, and low-cost subdif-
fraction microscopy are increasing dramatically [13–18,40].
We first applied NWR to examine Blu-ray disks with 150 nm
tracks. No storage structure is visible under conventional
illumination in Fig. 5(a). In contrast, under NW illumination
[Fig. 5(b)], gratinglike structures in the blank region and
storagedots in the recorded regionarebothapparent.Then,we
appliedNWRIMtoimageanintegratedchip.Inthedenseareas
of the integrated chip, the distance among the metal wires is
very small, especially in the inner layers. Using NWRIM, all
the closely arranged wires can be resolved [Fig. 5(d)], but
they are severely blurred under conventional illumination
[Fig. 5(c)]. Finally, we observed some biological samples
without applying any dye or label (Fig. S19). The image
capturedusingNWilluminationreveals subdiffraction images
of fat particles in cytoplasm and multiple-layer structures in a
3T3 l1 cell, whose capability may prove useful in studying
cancer and assessing drug effects.

FIG. 4. NWRIM images of various fabricated 2D patterns with
subwavelength features. (a)–(c) SEM image (a) of a triangular
pattern on a SiO2 film and its images under illumination from a
straight NW (b) and an NWR (c), respectively. NA ¼ 0.75. Lines
perpendicular or nearly perpendicular with the NW fail to be
imaged in (b). (d),(e) SEM(d) andNWRIM (e) images of a circular
pattern on an SiO2 film. NA ¼ 0.75. (f),(g) SEM (f) and NWRIM
(g) images of an arbitrary ZJU pattern on an Al2O3 film.
NA ¼ 0.85.

FIG. 5. NWRIM images of Blu-ray disks and integrated
circuits. (a),(b) Conventional (a) and NWRIM (b) images of a
Blu-ray disk. Boxed regions are magnified on the top insets. (c),
(d) Conventional (c) and NWRIM (d) images of an integrated
chip. Boxed regions are magnified in the left bottom insets, and
the SEM and cross-sectional intensity distribution along the blue
arrows are shown in (e) and (f). NWRIM and conventional
illumination are abbreviated as NW and Conv., respectively.
NA ¼ 0.85.
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In addition to its outstanding subdiffraction imaging,
NWRIM is remarkably cost-effective. Millions of NWs can
be fabricated in a single growth batch. NWRIM and
conventional microscopy systems are also easily integrated.
The substrate with a thin film is basically a special
microscope slide. We simply put the sample on this slide
and pump an NW ring to illuminate it. The subdiffraction
imaging can then be achieved easily with a standard
objective. The good compatibility enables this design to
be used as a compact illumination module giving a super
resolving ability to conventional microscopy.
In order to explore the integration of NWRIM with

conventional microscopy, we experimentally used objec-
tives with different NAs (0.6–0.9) to collect the scattered
light and form far-field images. The object was a V-shaped
structure (Fig. S20), whose two branches diverged gradually
from nearly zero to several hundred nanometers. All the
objectives successfully resolved a subdiffraction segment of
the V-shaped structure under the NW illumination, while
interestingly, a diffraction-unlimited part could blur when
NA is small, resulting from the objective’s incapability to
collect two or more different diffraction orders simultane-
ously [41] (S5). To broaden the collected spatial frequency
range and understand the full structure information of an
object, we can combine the spatial frequencies provided by
images captured under illuminations with multiple TWVs,
e.g., evanescent wave illumination at multiple wavelengths.
A super resolution imagewithout a blur region and distortion
has been successfully achieved for theV-shaped structure in
the simulations based on this multiple-wavelength-illumi-
nation method (Fig. S25). In future experiments, we can use
an NW with a graded band gap [42,43] or nonlinear
properties [6,44] for illumination and capture the far-field
images at several different wavelengths for imaging
reconstruction. One thing to be noted is, as NWRIM is a
scattering- or diffraction-based imagingmethod, a refractive
index fluctuation is essential for high SNR imaging. And
fabrication of high-quality film is needed for the dependence
of FOVon the light propagation distance in the film.
In conclusion, this Letter reports the first nanoscale

light-source-based wide-field and far-field label-free sub-
diffraction imaging by hybridizing fluorescent ring-shaped
NWs with subwavelength film waveguides. Subdiffraction
images of 2D patterns, integrated chips, Blu-ray disks, and
biological cells were successfully obtained. The illuminat-
ing wavelength can be easily varied by using different kinds
of NWs, and the detectable spatial frequency range can be
broadened correspondingly. The resolvability can be further
improved by increasing the TWV of the evanescent wave
with a higher refractive index material, e.g., metamaterials,
as the film waveguide. These observations and measure-
ments on various subdiffraction-limited samples illustrate
that our method significantly expands the flexibility of
nanoscale light sources for applications in biomedicine,
on-chip industry, materials science, and elsewhere.
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