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Supplementary Figure 1. Scanning Superlens Microscopy. (a) Schematic of the SSUM. (b)
Photograph of the actual SSUM setup.



Supplementary Figure 2. Nanostructure imaging using the microsphere superlenses in
water. Virtual imaging of the CPU surface using the BaTiOs; microsphere superlenses with
diameters of (a) 27 pm, (b) 33 pm, () 57 um, (e) 19 um and (f) 57 um in water. (d) Image of a
Blu-ray disk surface using a 70-um-diameter BaTiO3 microsphere in water. (a, b, d, e) A 50x

(NA = 0.6) objective and (c, f) a 100x (NA = 0.8) objective were used. The magnifications due to
the use of the microspheres were (a) 4.5x, (b) 4.1x, (c) 3.4x, (d) 3.2x, (e) 4.7x and (f) 3.4x. The
scale bars shown in these images correspond to the actual size. The insets are SEM images. All of
these observations were conducted under partial and inclined illumination. Scale bars: 500 nm (a);
1 um (b); 2 um (c,f); 3 um (d); 600 nm (e).
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Supplementary Figure 3. Resolution calibration of SSUM. The insets are two sets of SEM
images, SSUM and calculated convolution results. The scatter data (SSUM-1, SSUM-2) are used
to estimate the resolution. The SSUM-1 is the cross section of a silver nanowire with a diameter
of 80 nm and SSUM-2 is the cross section of an 80-nm diameter gold nanoparticle observed
under partial and inclined illumination. The solid curve is a cross section of Conv-1 and Conv-2
representing the calibrated convolution result. Scale bars: 0.5 pm.
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Supplementary Figure 4. Attenuation of resolution with Az at different illumination
conditions. (a) Coaxial illumination. (b) Partial and inclined illumination. (a, b) Observation of a
Blu-ray disk surface as shown in the SEM image in the inset of Supplementary Fig. 2d. Az is
defined in Fig. 7a, normalized intensity difference (NID) and Con is defined in Fig. 8. The data
used to calculate NID (scatter data) are extracted from the experimentally measured cross sections
of the structures on the Blu-ray disc surface using a 60-pm diameter microsphere similar to that
in Fig. 7d,e. The two scatter sets shown in (b) are calculated based on the data from the two areas
marked in the inset. (c) The relationship between I/l calculated by the convolution results and
Con. In (&, b, c), the solid curves representing super-resolution and dash curves standing for the
diffraction confinement are achieved from the calibrated convolution results, e.g., the solid curve
in Supplementary Fig. 3. (d) Comparison of I\/lmax With the critical value (0.81) of the Rayleigh
criterion. The incline angle, as defined in Fig. 7c, was set to ~ 70 “for the experiments under
partial and inclined illumination. Scale bars: 2 um (b).
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Supplementary Figure 5. CPU surface imaging in constant-height scanning mode. (a) The
CPU surface directly observed using a 100x (NA = 0.8) objective; detailed structure information
cannot be resolved. (b) SEM image. (¢) AFM scanning image. (d) Large area imaged using the
SSUM in constant-height scanning mode. A video recording of the scanning process is provided
as Supplementary Video 1. The objective used in the microsphere scanning process is the same as
in (a). (e-1) are local magnified areas that correspond to the marked areas in (a-d). Scale bars: 5
um (a-d); 1 um (e-).



Supplementary Figure 6. Additional SSUM images of the C2C12 cells. C2C12 cells were
observed (a, c, e) without and (b, d, f) with the aid of the microsphere superlens. A 100x (NA =
0.8) objective was used in these experiments. Scale bars: 5 um (a,b); 6 um (c-f).



Supplementary Figure 7. Additional SSUM images for comparison of white-light and
fluorescent imaging. A C2C12 cell observed (a, ¢) without and (b, d) with the enhancement
provided by the microsphere superlens. (a, b) White-light images. (c, d) Fluorescent images. A
100x (NA = 0.8) objective was used. Scale bars: 8 um.



Supplementary Figure 8. Additional SSUM images for comparing white-light and
fluorescent imaging. A C2C12 cell imaged (a, ¢) without and (b, d) with the enhancement
provided by the microsphere superlens. (a, b) White-light images. (c, d) Fluorescent images. A
100x (NA = 0.8) objective was used. Scale bars: 8 um.
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Supplementary Figure 9. Focusing characteristics of the microsphere superlens. (a-d)
Simulated electric field intensity distribution around the microsphere superlenses under different
illumination conditions based on the FDTD computational technique. (e, f) show the relationship
between the focus full-width at half-maximum (FWHM), the intensity (|E|?) of focus spot, the
focal length (frprp) under illumination covering the microsphere, the focal length (fuigaie) under
illumination localized in the middle area of the microsphere superlens, paraxially calculated focal
length (fraraxiar) @nd microsphere diameter in the range of 50 to 70 pm. Scale bars: 10 um (a,c); 5
um (b,d).
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Supplementary Figure 10. Experimental study of microspheres’ focal length. (a) Schematic
showing virtual image formation of a sphere by ray tracing. (b) Schematic for the experimental
setup used in this study. Experimentally calibrated focal lengths (f) of microsphere superlenses
with diameters of 65 m, 55 pm, 48 m and 33 m based on the measured object distance (s;)
and corresponding image distance (S;) during observing structures with (c) sub-diffraction-limited
features and (d) those larger than the diffraction limit under coaxial illumination (CI) or partial
and inclined illumination (PI1), as shown in Fig. 7. The inset SEM, AFM and SSUM images in (c,
d) show the structures used in these experiments, respectively. Scale bars, 1 m (c, d).
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Supplementary Figure 11. The virtual image magnification factors of microsphere
superlens. (a) Experimental results were obtained by analyzing the virtual images recorded
during PZT scanning for different diameters as Az, is adjusted for the clearest imaging when Az =
0 m and Az; does not change during PZT scanning (Supplementary Fig. 10b). The simulation
results were calculated by the FDTD method. Geometrical optics results were computed by
paraxial functions. (b-e) The solid and half solid scatter points are the magnification factors
obtained by analyzing the recorded virtual images at different Az values while Az, is adjusted for
the clearest imaging. The hollow points are calculated by M = — s,/s;. The CPU and grid samples
are the same as Supplementary Fig 10c,d.
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Supplementary Figure 12. Observation of transparent/ low-reflectivity samples by SSUM.
The transparent samples were achieved by separating the photo-cured transparent NOA63, which
was dripped onto a Blu-ray disc surface with ~ 100 pm of the transparent protection film

removed from the Blu-ray disc. (2) Two imaging areas were observed with an optical microscope
mounted with a 0.5-NA objective. In Area 1, some transparent dielectric films (TDF) on Blu-ray
disc surface with thickness of ~ 55 nm are left on the NOAG63 substrate. Area 2 is the NOA
substrate with sub-diffraction-limited structures copied from the Blu-ray disc. (b) A schematic of
the surface, AFM scanned (c) height and (d) amplitude images of these two areas. (€) AFM image
of structures on the digital versatile disc (DVD) surface. Structures on (f-h) Area 1, (i-k) Area 2
and (I-n) the DVD surface were observed by microsphere superlenses under different illumination
conditions. (m) The width of the illumination beam used by the upper image is larger than that
used in the lower image. Scale bars, 10 pm (a); 1 pm (c, d, f-k); 1.5 m (g, I-n).
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Supplementary Figure 13. The influence of Az on the observation of structures smaller or
larger than the diffraction limit. (a-b) Sub-diffraction-limited structures (see SEM image in (c))
in CPU observed under (a) coaxial illumination and (b) partial and inclined illumination at
different Az values by SSUM mounted with a 65-pm diameter microsphere. (d) Observation of a
grid with structures larger than the diffraction limit at different Az values. (€) AFM image and (f)
an image recorded by an optical microscopy mounted with a 0.8-NA objective of the structure
observed in (d). (g, h) Normalized intensity of the profile marked by the dotted lines in (b, d),
respectively. The noise signals are the normalized intensity of randomly selected profiles in
smooth areas. Scale bars, 1 um (a, b-f).
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Supplementary Figure 14. The difference of intensity attenuation induced by the separation
between the microsphere and samples containing features smaller or larger than the optical
diffraction limit. (a) CPU structures observed by (left) SSUM, which correspond to the results
shown in Supplementary Fig. 13b, or (middle) an optical microscope mounted with a 0.8-NA
objective without the help of the microsphere. Right: A grid resolved by SSUM corresponding to
the image shown in Supplementary Fig. 13d. (b) The solid curve is the normalized intensity along
the line marked in the middle image of (a). The noise is the normalized intensity of a randomly
selected profile in a smooth area. (c-h) Intensity attenuation induced by Az when structures (c, d,
f, g) smaller or (e, h) larger than the optical diffraction limit are resolved by microsphere
superlenses with diameters of 65 pum, 48 um and 33 pm under different illumination conditions.
The data used to calculate the results shown in (c-¢e) are extracted from Supplementary Fig.
13a,b,d, respectively. Scale bars, 1 pm (a).
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Supplementary Figure 15. Adjustments of illumination condition-induced enhancement of
the microsphere-based imaging. (a-d) Four different illumination conditions detected by
vertically scanning an optical beam profiler around the objective focus. (e-h) A Blu-ray disc
surface was observed under different illumination conditions corresponding to each case shown in
(a-d). (f) The width of the illumination beam used by the upper image is larger than that used in
the lower image. The SEM image of the Blu-ray surface is shown in the inset of Supplementary
Fig. 2(d). (i-) The FDTD-simulated electric field intensity distribution around the microspheres
under different illumination conditions corresponding to each case shown in (a-d). (m) Local
magnified area of the marked area shown in (I). (n) Electric field intensity distribution along the
vertical line shown in (m). The red curve represents the exponentially fitted results. A = 970577,
Ry = 2.775. Scale bars, 3 pm (e-I); 1 pm (m).
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Supplementary Figure 16. Stitching image tiles recorded by SSUM. (a, b) Two possible
scanning modes. Only scanning mode (a) is used in our experiments due to the equipment
confinement. The proposed mode (b) can further increase the imaging efficiency by two-fold. (c,
f) Original image tiles of a C2C12 cell and the structure of a CPU recorded during scanning
microsphere superlens with diameters of 59 um and 48 um. Image stitching using (d, g) ImageJ
and (e, h) Topostitch. (i) Schematic shows the original image tiles with overlapping regions
corresponding to (c,f). Scale bars, 6 pm (c-h).



Supplementary Tables

Supplementary Table 1: Comparison of stitching time consumed by different software
packages under different conditions

S;)ftware ImageJ Topostitch
7,
ﬁ/\fz,,b 272 1056 272 1056
}_’%G 2 ] (16x17) (32x33) (16x17) (32x33)
2 )
Mode® %, e 166 x 166
s
X - - 3.2 10.7
y - - 3.4 12.6
X, Y 65.1 283.5 3.5 13.2
Non 9.3 32.9 2.5 9.0

Tile Num. = The number of image tiles used in stitching.

*There are two stitching modes provided by Imagel and four
modes by Topostitch, which are denoted by “x”, “y”, “X, y” and
“Non”, respectively, i.e., the position of each tile is adjusted only
along the x-axis, only along the y-axis, for both the x- and y-axes,
or not translated. After this image placement, the tiles are fused

together by a specific algorithm.

®Computer information: Windows 7 (64 bit)/ 8 GB RAM/Intel(R)
Core(TM) i7-4790 CPU.




Supplementary Notes

Supplementary Note 1 - Definition of optical super-resolution and resolution
calibration of SSUM

In the case of an imaging system with numerical aperture, NA = ng % siné, two point
sources with the same intensity can be resolved as a distance larger than KA/NA, where ng
is the object-space refractive index, @ is the half acceptance angle of objective, 4 is the
illumination wavelength, and K = 0.473, 0.5, 0.515 or 0.61 corresponding to the Sparrow’,
Abbe?, Houston®, or Rayleigh? criteria, respectively. As the microsphere contacts the
sample, the solid-immersion concept is considered to estimate the resolution of
microsphere-based diffraction-limited imaging as ~ A/2ns, where n is the refractive index
of the microsphere>®. When ns = 1.9 (barium titanate glass microspheres), A/2ns = 4/3.8.
The microsphere-based optical super-resolution is defined as the resolution higher than
213.8.

In addition to the resolution calibration in the main text, we also quantified the
resolution of SSUM by 80-nm diameter silver nanowires and gold nanoparticles based on
the process of convolution with a two-dimensional point-spread function (PSF)>”. By
matching the calculated convolution results to the experimental profiles, the resolution of
SSUM mounted with a 57-pm  microsphere is calibrated as FWHM = 1/6.3
(Supplementary Fig. 3), which is consistent with the results shown in Fig. 8a. Based on
the analyses of Allen et al., structures do not need to be resolved with extremely small
features to calibrate the resolution®. For the case of white-light SSUM imaging, the peak
illumination wavelength of illumination was set to 550 nm by the optical components.
The resolution is calculated as FWHM = 4/6.3 =~ 87 nm. As the microsphere diameter
decreases to 27 pm (Supplementary Fig. 2a), the resolution is estimated as /8.4 ~ 65 nm
under partial and inclined illumination, which is consistent with the previously reported
conclusion that smaller microspheres exhibit higher resolutions®. These results indicate
that the resolution of SSUM is ~ /6 — 1/8 as a 30 — 60 um microsphere used under partial
and inclined illumination conditions.

We also studied the influence of Az on the resolution of microsphere superlenses by
observing the structures on a Blu-ray disc surface, on which the distance between
microspheres and objective does not change (Supplementary Fig. 4a, b). Because the
structures on the Blu-ray disc surface are neatly arranged lines, as shown in the inset of
Supplementary Fig. 2d, no Iy, can be acquired. However, the I, can be estimated from
the resolution calculated from the CPU results (Fig. 8c,d) considering that the resolution
of a microsphere superlens does not change as Az = 0 pm. Con = 3.8 is the critical value
for the definition of optical super-resolution of microsphere-based imaging. Comparing
the scatter data and curves, the resolution of the microsphere superlens is attenuated as
the sample becomes farther from the microsphere apex from /5.3 or 4/6.3 to 4/3.8 for



different illumination conditions (see Fig. 8c,d and Supplementary Fig. 4a,b). The
maximum separation of microsphere and sample enabling super-resolution capability of a
60-pm microsphere is approximately 0.65 — 0.8 pm for coaxial illumination and 1.0 — 1.7
pm for partial and inclined illumination (Fig. 8c,d and Supplementary Fig. 4a,b). In
contrast, the Rayleigh criterion indicates that two one-dimensional objects can be
distinguished, as the ratio between the (minimal) intensity of the central dip and the
maximal intensity is smaller than 0.81 ™ i.e., I/lma < 0.81. The influence of Az on
Iv/Imax for different illumination conditions is shown in Supplementary Fig. 4d. For the
coaxial illumination and structures on the Blu-ray disc surface, the critical value (Az =
0.40 pm) estimated by Iy/Imax is smaller than the NID estimated (Az = 0.80 pm). However,
as 0.40 < Az < 0.8 pm, the structures on the sample can still be clearly resolved (see
insets in Supplementary Fig. 4a), and the microsphere still contains super-resolution
capability (Con > 3.8) based on the resolution calibration process, which is inconsistent
with the Rayleigh criterion. Under partial and inclined illumination, the critical values (Az
= 1.42 or 2.42 pm) estimated by I\/Imax are larger than the NID obtained (Az = 1.00 or
1.70 pm) for different areas. The images at the critical values of Az estimated by I/l max
are blurry, which may reach the resolvable limit of the Rayleigh criterion. In the
calculated I\/Imax range, the corresponding Con is in the diffraction confinement range
even at Az = 0 pm (the sample contacts with the microsphere), comparing the results
shown in Supplementary Fig. 4c,d, which is in contrast with previously reported results
regarding the sub-diffraction-limited resolution capability of microsphere superlenses>®*2,
One possible reason is that the criteria based on Iv/lyax IS sensitive to measurement and
subsequent image processing procedures™, such as the adjustment of image brightness
and contrast during image record. Therefore, the NID-based method yields a better
estimation for both cases considering image quality and resolution.

Supplementary Note 2 — Magnification factor of microsphere superlens-generated
virtual images

The dependence of the virtual image magnification factor of the microsphere superlens
on the distance (Az) between the microsphere apex and samples is studied based on the
comparison of an approximation of geometrical optics and finite-difference time-domain
(FDTD)-simulated results with experimental results. The FDTD-based simulations were
performed at the peak illumination wavelength (1 = 550 nm) and under perfectly matched
layer boundary conditions (Lumerical FDTD Solutions). The paraxial approximation of
sphere’s focal length is fparaxial = ND/4(n— 1), where D is the microsphere diameter and n
is the ratio of the refractive index of the microsphere to that of the medium (water). The
FDTD results are smaller than the paraxial focal lengths (see Supplementary Fig. 9) due
to the consideration of evanescent waves®. The paraxial conditions can be simulated as
the illumination confined to the paraxial area, e.g., by limiting the illumination width to



15 pm, as illustrated in Supplementary Fig. 9c,d,f. Virtual images are observed in the
experiments because the samples are set between the microsphere apex and focus and the
optical microscope is focused below the sample surface. We further experimentally
examine the focal length of microsphere superlenses with diameters of 65 pm, 55 um, 48
um and 33 pum, as shown in Supplementary Fig. 10. For a certain value of Az, we can
achieve a position where the clearest virtual image is observed through separately
controlling Az using a PZT stage and the distance (Az;) between the microsphere and the
objective of microscope using a translation stage (M-IMS100V, Newport), as shown in
Supplementary Fig. 10b. Using the experimentally measured position information, we
can obtain the object distance (s;) and the corresponding image distance (s;). With this
information, we can calculate the focal length using the Gaussian Lens Formula (1/f =
1ls; + 1/s5),** where s; and s, are shown in Supplementary Fig. 10a. Repeated
experimental results recording the observation of structures larger (semiconductor grid
chip) or smaller (CPU) than the diffraction limit through microsphere superlenses with
different diameters under different illumination conditions are used to calculate the focal
length (Supplementary Fig. 10c,d). These calculated focal lengths based on the
experimental data are bounded by the approximation of geometrical optics and FDTD-
simulated results. Additionally, the observed sample size does not influence the
calculated focal length compared to the results shown in Supplementary Fig. 10c,d.

Based on the schematic shown in Fig. 7a, the virtual image magnification of a sphere
is given by Mparaxial = fraraxial/ (fraraxiat — (D/2+Az)). When the distance between the sample
and microsphere is considerably smaller than the microsphere radius (Az << D/2), the
magnification is simplified as Mpaaxia = N/(2 — n). We have also calculated the
magnification factors (Mrptp) by replacing the paraxial focal length with the FDTD-
simulated focal lengths (frprp). Supplementary Figure 11 shows the relationship between
the magnification factors and Az. We conducted experiments under two different
conditions: (1) the distance (Az; in Supplementary Fig. 10b) between the microsphere and
objective is adjusted to a constant value for which the clearest imaging can be observed
when Az = 0 Jm; i.e., Az; does not change as Az is adjusted by the PZT scanner. This
condition is studied because the fixed Az; is an experimental condition of SSUM for
large-area imaging. (2) For a certain Az, Az; is adjusted to achieve the clearest image. A
Blu-ray disc (Supplementary Fig. 11a), a CPU with sub-diffraction-limited structures and
a grid containing features larger than the diffraction limit (Supplementary Fig. 11b-e) are
observed. The actual virtual image magnification factors of microsphere superlenses with
different diameters under the first (Supplementary Fig. 11a) or second (Supplementary
Fig. 11b-e) experimental condition can be obtained by analyzing the recorded images at
different Az values (solid or half solid scatter points in Supplementary Fig. 11).
Furthermore, we also calculate the magnification based on the experimentally measured
object and image distances as M = — s,/s; (the hollow scatter points shown in
Supplementary Fig. 11b-e) '*. These calculated magnification factors (M = — s,/s;) are



bounded by the approximation of geometrical optics and FDTD-simulated results but
deviate from the results (the solid or half solid scatter points shown in Supplementary Fig.
11b-e) directly measured from the recorded images. The observed phenomena are not
influenced by the sample size, whether larger or smaller than the diffraction limit. In
addition, the virtual image magnification factor changes with the microsphere diameter
when the microsphere is in contact with samples (Az = 0 pm)®, as shown in
Supplementary Fig. 11, which deviates from the approximation of geometrical optics
(n/(2— n)) that changes only with the refractive index. Therefore, the approximation of
geometrical optics is unable to describe the magnification property of the microsphere
superlens. Wang et al. presented a fitting formula to describe the near-field magnification
factor of microspheres on a sample surface™. However, the description of the relationship
between the near-field magnification with Az is still not reported in the literature, though
the relationship between the magnification with Az in the far field has been presented in
the limit of geometrical optics as Mpaaxial -. Here, we present another fitting formula
based on the magnification factor calculated by the FDTD-simulated focal lengths, M = k
X fepro/(frotp — (D/2 + Az)). The factor k = 1.2 is found to correspond well with the
experimental results obtained under different experimental conditions (Supplementary
Fig. 11).

Supplementary Note 3 - Exploring the imaging mechanism and the enhancement of
microsphere-based imaging by adjusting the illumination conditions

A debate regarding the fundamental imaging principle of “super-resolution” has been
underway since the super-resolution capability of specific microspheres was first
demonstrated in 2011 by Wang et al.”®. Several mechanisms have been proposed to
explain the enhanced resolution phenomenon of the microsphere superlens, such as the
function of super-resolution foci'®, optical resonance effects', the enhancement of
evanescent fields'’, resonant plasmon®® and coherent effects*®, among other lines of
reasoning”?*?!. The observed high resolution is difficult to sufficiently explain by the
photonic nanojets owing to the limited FWHM of 4/3 — 1/2.2*% Here, we analyze the
imaging enhancement by adjusting the illumination conditions and imaging mechanism
by comparing experimentally acquired and numerically calculated results, as shown in
Supplementary Figs. 12 — 15.

To exclude the influence of the samples’ reflectivity on the observed results and
following analyses, we conducted experiments on samples with different reflectivities
under different illumination conditions. Supplementary Fig. 12f-k and Supplementary Fig.
15e-h show images of a transparent sample consisting of structures copied/transferred
from the Blu-ray disc surface and a Blu-ray disc embedded with a reflective layer,
respectively. Figure 8 and Supplementary Figure 13a,b,d also illustrate the observation of



structures in the CPU and semiconductor grid chip, respectively, under different
illumination conditions. All of these results are consistent; i.e., the sample reflectivity has
a negligible effect on the analyses.

We start our discussion with the experimental study of the influence of Az on the
imaging quality of microsphere superlenses under the second experimental condition
described in the Supplementary Note 2; i.e., for a certain Az, Az; is adjusted to achieve
the clearest imaging (Supplementary Fig. 13). The images (x-y) in the third row of
Supplementary Fig. 13a,b are the clearest images obtained at different Az values by
scanning a translation stage on which the microscope is mounted. The cross sections of
the images recorded during this scan are shown in the fourth row (x-z) of Supplementary
Fig. 13a,b. The resolution attenuation characteristics illustrated by the observation of sub-
diffraction-limited structures (Supplementary Fig. 13a,b) are consistent with the
phenomena achieved under the first experimental condition described in the
Supplementary Note 2, in which the Az; is set to be constant (Fig. 8c,d). We further
examine a grid with features larger than the diffraction limit (Supplementary Fig. 13d)
with experimental conditions identical to the study of sub-diffraction-limited structures
and obtain the first imaging characteristic of the microsphere. Thus, the distance between
the microsphere and the structures larger than the diffraction limit enabling high quality
imaging are larger than the case of resolving sub-diffraction-limited structures. The
normalized intensity of the profiles extracted from these recorded images (Supplementary
Fig. 13g,h) shows that the noise signal plays a significant role in the sub-diffraction-
limited imaging and that the structural information gradually became indistinguishable
from the noise signal as Az increased. However, the noise signal has negligible influence
on the imaging of structures larger than the diffraction limit. As we have demonstrated,
the focal length or the magnification of microspheres obtained from observing structures
larger or smaller than the diffraction limit are consistent (Supplementary Fig. 10 and 11).
Thus, we believe that the imaging optical paths of the microspheres corresponding to
imaging samples with different size are the same. Therefore, the secondary characteristic
of sub-diffraction-limited imaging using microsphere superlenses is that the signal
consisting of structural information is weaker than that for structures larger than the
diffraction limit and easily influenced by the noise. In the case of microsphere-based
super-resolution imaging, the signal (1) recorded by the microscope or the camera can be
regarded as a superposition of the propagation light (I,), containing information about
features larger than the diffraction limit, and the “converted propagation light” (l),
carrying sub-diffraction-limited structural characteristics. This is the case because the
sub-diffraction-limited structural information is transmitted to the far field for imaging
after passing through microsphere superlenses; i.e., I = I, + lcp. The intensity difference
between two selected points (see the left image of Supplementary Fig. 14a) is given as
follows:



Al =11 =12 1 (110 =12 =10+ 12 =12 = Al + Al (1)

where Alp is induced by the propagation light and Alcp is caused by the converted

propagation light. AIp can be extracted by analyzing results obtained from imaging

without the help of the microsphere because only the propagation light carrying structural
information larger than the diffraction limit is recorded for imaging in this case. As
shown in Supplementary Fig. 14b, the normalized intensity of a profile in the area where
the sub-diffraction-limited structures exist is in the noise level when observed without the

microsphere, i.e., Al is in the noise level. Therefore, Al = 12 1 =Al_, by which we

cp?
can extract the effect of the converted propagation light from the recorded images
observed using microspheres. After normalization, the influence of Az on the converted
propagation signal under different illumination conditions is shown in Supplementary Fig.
1l4c,d,f,g. The third characteristic of sub-diffraction-limited imaging based on
microspheres is that the converted propagation signal carrying sub-diffraction-limited
structural information decays exponentially with Az. As a control, we also process the
results of observing the grid with structures larger than the diffraction limit (see the right
image of Supplementary Fig. 14a). However the exponential attenuation does not appear

(Supplementary Fig. 14e,h) because AIp plays a dominant role. Since the characteristic of

exponential decay is a distinctive feature to distinguish the evanescent and propagating
waves?*® and the super-resolution capability of the microsphere can be maintained only
in the near field and degrades with the separation between the microsphere and sample
(Fig. 8c,d, Supplementary Fig. 4a,b and Supplementary Fig. 13), we believe the super-
resolution capability of microsphere superlenses originates from the participation of
evanescent waves.

The evanescent waves can participate in the microsphere-based imaging in two or
more possible manners: (1) evanescent waves generated on the sample surface containing
sub-diffraction-limited structural information are directly coupled into the microsphere
for super-resolution imaging’. This study has been conducted by the exact numerical
solution of Maxwell’s equations in the cases of the incoherent imaging of point
dipoles?*2”. The point-dipole field can be decomposed into propagating and evanescent
parts®®. If these evanescent parts can be directly or effectively coupled into microspheres
for super-resolution imaging, the exact numerical solution of Maxwell’s equations iS
expected to explain the experimentally observed resolution. However, the observed
resolution (1/6.3 — A/8.4) in our study and others® has not been reproduced. (2) A light
field containing evanescent waves can transfer the large spatial frequencies of samples
into the propagating region supported by the optical transfer function?®. Based on this
mechanism, super-resolution wide-field imaging under the illumination of evanescent
light generated in total internal reflection at a microfiber®® or prism* surface has been



demonstrated. As incident light illuminates a microsphere, evanescent waves are
generated around the shadow-side surface'*?%, Specifically, the evanescent waves are
generated from the second refraction of light on the microsphere surface®, which can be
observed in the FDTD simulation results calculated under partial boundary illumination
(PBI, Supplementary Fig. 15¢) and partial and inclined illumination (PIl, Supplementary
Fig. 15d) conditions (see the rectangular marked areas shown in Supplementary Fig. 15k
and 1). This observation is further confirmed by the exponential decay characteristic of
the electric field intensity along the z direction near the microsphere apex area
(Supplementary Fig. 15n). This exponential decay characteristic obtained from the FDTD
simulation is consistent with the experimental observations (Supplementary Fig.
14c,d,f,9); i.e., all of them follow a similar exponential decay trend (with exponential
decay coefficients in the range of 2.42 — 2.78). It has also been demonstrated that the
microsphere can collect the propagating waves transferred by evanescent light generated
in total internal reflection for nanoscale imaging®. In the following analyses, we link the
evanescent waves generated by microspheres together with the converted propagation
waves that will be further collected by the microsphere for super-resolution imaging.

Assuming the evanescent wave is generated by microspheres consisting of a pair of

spatial frequencies k; =i(kx,ky), the transverse wavevectors of the sample kﬁ will be

shifted as x| =K +Kk, . The converted/shifted waves will be observable by SSUM if

K| <K =270, NA/ A 2% where knax is the maximum spatial frequency that can be

detected by SSUM considering the solid-immersion effect®®. Based on the spectral
analysis, the radial frequencies of the field near the microsphere can be as high as 2k
when Az < 1/2,** where k, =27zn, /A ~0.71k . and n is the refractive index of water.

The evanescent waves with radial frequencies in the range of ko — 2ko can extend
resolution by a factor of 1.71 — 2.42, which implies that the resolution of the microsphere
can be enhanced to /6.5 — 4/9.2 when the evanescent waves are considered. This finding
IS consistent with our observed range of /6.3 — 4/8.4 (Supplementary Note 1). Usually,
the evanescent wave intensity with quite a large frequency is negligible compared with
the propagating waves*® or the background signal, which limits the microsphere from
achieving its theoretical resolution limit in practice. Since the waves with higher
frequencies can be generated in more limited values of Az and under larger refractive
index contrast’®, the resolution of SSUM will not be theoretically limited to 4/9.2.
However, when moving away from the microsphere apex (corresponding to an increase
in Az), the higher the frequency is, the faster the evanescent wave attenuates, and the
narrower the spectrum the field contains. Thus, the resolution degrades with Az, which is
consistent with our observed results shown in Fig. 8c,d, Supplementary Fig. 4a,b and
Supplementary Fig. 13a,b.



Increasing the illumination intensity can directly enhance the generated evanescent
field. However, this enhancement is accompanied with the negative effect that the
propagating field is also promoted. Therefore, a direct way to enhance the resolution or to
approach the theoretically estimated resolution is to increase the incident light intensity
while decreasing the effect induced by the propagation components of the illumination or
the background signal. Experimentally, the coaxial illumination (CI, Supplementary Fig.
15a) can be separated into middle illumination (MI, Supplementary Fig. 15b) and PBI
(Supplementary Fig. 15c). Comparing the results shown in Supplementary Fig. 12m with
the observed Blu-ray image under Ml (Supplementary Fig. 12g,j and Supplementary Fig.
15f), only the structures larger than the diffraction limit can be clearly resolved under M.
Therefore, in the case of resolving sub-diffraction-limited structures, the MI mainly
contributes to the background, which degrades the imaging quality. The propagating
waves play a dominant role in the MI. As the signal intensity of the shifted sample high
spatial frequency components by evanescent waves is submerged in the background noise,
the resolution degrades (Supplementary Fig. 12f,h,i,k and Supplementary Fig. 15e,g). In
addition, the PBI guarantees the sub-diffraction-limited resolution capability of the
microsphere superlenses (see Supplementary Fig. 15e-g). This finding is also supported
by the consistence of the exponential decay between the simulated electric field generated
by PIl (Supplementary Fig. 151,n) and experimental observations (Supplementary Fig.
14c,d,f,g). Furthermore, inclining the illumination (PBI) can shift the second refraction
position where the evanescent waves are generated to the middle area around the
microsphere apex (Supplementary Fig. 15k,1). Correspondingly, the imaging area also
shifts from the boundary area to the middle area of the microsphere, where the
evanescent waves are generated, and the imaging quality also improves (Supplementary
Fig. 15g,h). As the second refraction position is transferred to the microsphere apex, the
areas generating evanescent waves become closer to the sample, which shortens the
distance spanned by evanescent waves transferring to the sample. This decrease therefore
induces a spectrum extension of the evanescent waves illuminating the sample since the
evanescent waves with higher frequency can propagate to the sample before being
attenuated below the background noise level. Therefore, the lack of deterioration from the
MI and the transfer of the position where the evanescent waves are generated enable a
larger Az to achieve high-quality imaging under PII conditions (see Figs. 7, 8 and
Supplementary Figs. 4a,b and 13). A higher resolution at the same Az under PII
conditions can also be expected as the evanescent waves with higher spatial frequencies
induced by the spectrum extension shift the larger spatial frequencies of the specimen
into the propagating field” and the negative effect of Ml is excluded (see Fig. 8c,d and
Supplementary Fig. 4a,b).

Therefore, we believe that (1) the interaction of the sample and the evanescent waves
generated from the second refraction on the microsphere surface plays a role in the origin
of the sub-diffraction-limited resolution of the microsphere superlens. Recently, Alexey



V. Maslov and Vasily N. Astratov demonstrated that the excitation of samples’
electromagnetic modes plays an important role in optical images of sub-wavelength
structures'®, which provides a possible interpretation of the influence of the light field
generated by microspheres on the sample and an extraordinary high resolution
accompanied with artifacts that may distort the optical images in experimental
observations®. (2) The imaging quality under PII is higher than that under Cl and Az
enabling high-quality imaging for PII larger than Cl owing to the loss of deterioration
from the MI that mainly introduces propagating light in imaging and the transfer of the
second refraction position by inclining illumination which shortens the distance for
evanescent waves transferring to the sample and induces a spectrum extension of the
evanescent waves illuminating the sample surface.
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