Microsphere-assisted phase-shifting profilometry
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In the present work, we have investigated the combination of super-resolution microsphere-assisted
2D imaging technique with low-coherence phase-shifting interference microscopy. The imaging perfor-
mance of this technique is studied by numerical simulation in terms of the magnification and the lateral
resolution as a function of the geometrical and optical parameters. The results of simulations are com-
pared with the experimental measurements of reference gratings using a Linnik interference configura-
tion. Additional measurements are also shown on nanostructures. An improvement by a factor of 4.7 in
the lateral resolution is demonstrated in air, thus giving a more isotropic nanometric accuracy for full-field

surface profilometry in the far field.

OCIS codes: (180.3170) Interference microscopy; (100.6640) Superresolution; (120.0120) Instrumentation, measurement, and metrology.
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1. INTRODUCTION

White-light interference microscopy has become a standard
method for the measurement of microscopic surface roughness
and surface topography [1]. Based on optical imaging and in-
terferometry, the technique has the advantages of being rapid
and having a very high axial sensitivity i.e., ~ 10 nm (coherence
scanning interferometry) to sub-nm (phase shifting interferom-
etry), over a high depth of field [2]. However, despite a large
field of view (FOV), the lateral resolution y y is limited by the
diffraction from the microscope objective. In classical incoherent
imaging, this is defined as the ratio between the central wave-
length of the light source Ay and the numerical aperture (NA),
multiplied by a factor ¥ depending on the coherence of the light
source and on the criterion used. By decreasing the wavelength
or increasing the NA, a better lateral resolution can thus be
achieved. According to the Fourier optics criterion (x = 0.5) [3],
the resolution cannot be greater than A/2 in air. Nevertheless,
in the visible range, the non-uniform resolution of interference
microscopy remains i.e., the lateral resolution is over two orders
of magnitude worse than the axial sensitivity [4].

Many methods have been developed over the last two
decades in order to overcome the optical barrier of diffraction
and thus to perform far-field optical nanoscale imaging and
measurements. Some of the main principles of label-free far-
field nanoscopy for materials characterization were studied at
the beginning of the 1990’s, demonstrating how nanostructures
and details could be observed, measured, and studied in the far
field [5-7]. In a later review of optical nanoscopy methods, we

highlighted the difference between nano-detection and super-
resolution techniques [8]. Optical nanoscopy was then brought
to the forefront with the Nobel Prize for Chemistry in 2014 for
two new techniques in high-resolution fluorescence microscopy
[9]. The first one involved the nano-detection of fluorescent
marker molecules in photoactivated localization microscopy
[10] and stochastic optical reconstruction microscopy [11]. The
nanometric positioning of these markers allows the reconstruc-
tion of nanostructures without directly resolving the features
optically. In contrast, the second technique, stimulated emis-
sion depletion microscopy [12], is based on super-resolution,
with a real improved lateral resolution. Although the lateral
resolution achieved is several tens of nm, the need for high
light intensities can nonetheless be destructive to living matter.
Other 2D super-resolution methods exist, such as 4Pi illumina-
tion [13], scattering lens microscopy [14], the far-field superlens,
the Pendry hyperlens [15] and submerged microsphere optical
nanoscopy [16]. Those that have been developed specifically for
3D measurement include structured illumination microscopy
[17] and tomographic diffraction microscopy [18, 19], both of
which generate a larger synthetic numerical aperture.

In 2004, the photonic jet was introduced as a non-classical
phenomenon resulting from the sub-diffraction focusing prop-
erties of transparent microspheres [20, 21]. This effect of a re-
duced spot size was then used to improve the lateral resolution
in a super-resolution scanning imaging technique [21, 22]. In
2011, Wang et al. demonstrated experimentally the principle
of microsphere-assisted super-resolution imaging in a full-field
configuration and far-field detection without the need for sam-
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ple labelling [23]. Illuminated by a white-light source, a glass
microsphere was placed on the sample. Then, a classical mi-
croscope objective, placed above the microsphere, collects the
magnified virtual image of the sample. A lateral resolution of
50 nm is claimed, although this is actually half of the value for
0y, according to the Fourier optics criterion. In order to perform
non-invasive acquisitions, recent work has shown that the mi-
crosphere can also be placed in a contactless configuration with
the object while keeping the super-resolution [24]. Furthermore,
in 2016, Wang et al. developed the first microsphere-assisted
super-resolution microscope based on the coherence scanning
interferometry [25]. By placing a BaTiO3 microsphere in water
in the object arm of a Linnik interferometer, a lateral resolution
of 60 nm is claimed. At the same time, Kassamakov et al. pro-
posed the use of a microsphere in a Mirau configuration in air to
provide higher lateral resolution 3D surface measurements [26].
The microsphere-assisted technique was then applied to digital
holography for precise cell identification [27].

In this work, we present results of the first microsphere-
assisted phase-shifting (MAPS) Linnik-based nanoscopy sys-
tem, in air, using low-coherence illumination. Taking advan-
tage of the low-coherent noise of white-light illumination [28],
and of the low frame number and of the high axial sensitiv-
ity of phase-shifting microscopy [1], the surface topography of
samples is measured with much higher lateral resolution than
in classical interferometry. First, the principle of lateral super-
resolution has been investigated by numerical analysis through
2D finite element method simulations. Second, low-coherent
phase-shifted measurements using a Linnik configuration and
glass microspheres in air have been made and compared with
the numerical results in terms of the magnification and the res-
olution provided by the microsphere. The MAPS technique
consists of the five-step algorithm with a vertical displacement
of the object. By measuring through 25-pym diameter glass mi-
crospheres, the 3D reconstruction of square profile gratings is
achieved with a higher lateral resolution than with the objective
alone. Reconstructions of 2-pm, 800-nm and 400-nm period grat-
ings are shown using the MAPS system and a standard Linnik
interferometer. An improvement by a factor of 4.7 in the lateral
resolution is demonstrated in air.

Figure 1 shows an example of the direct imaging (2D imag-
ing) of a 800-nm period grating using the microsphere-assisted
microscopy. The features of the sample are not visible using the
collecting objective (x50, NA = 0.3) in air alone (Fig.1(a)), un-
like using a soda lime silica glass microsphere (Fig.1(b)). In this
manuscript, 25-um diameter glass microspheres were retained
in order to perform a good compromise between magnification,
lateral resolution improvement, field-of-view, and image plan

position.
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Fig. 1. Direct imaging of a 800-nm period grating using (a)

a microscope objective (x50, NA = 0.3) alone and (b) the
microsphere-assisted microscopy where the microsphere di-
ameter is 25 pm. The central wavelength of the light source is
820 nm. White scale bars represent 4 pm.

2. SIMULATION

The phenomenon of microsphere-assisted microscopy has been
numerically analysed in two dimensions in air [26] for con-
firming the experimental measurements. The rigorous electro-
magnetic simulation has been performed using Comsol Mul-
typhysics finite element software. The size of the area studied
is 30 x 30 pm? and is surrounded by perfectly matched layers.
The maximum mesh size is A /10 with A, the wavelength of the
light. The diameter D of the soda lime silica glass microsphere
equals 25 pm and its refractive index n is wavelength-dependent
[29]. Two spatially and temporally coherent point sources A
and B are placed underneath the microsphere, as shown in Fig.2,
and are spaced by a known distance AB. The electromagnetic
waves emitted by both A and B are first propagated into the
microsphere.

Fig. 2. Normalized real part of the electric fields from A and
B propagated through a 25-pm diameter soda lime silica glass
microsphere in air (A = 400 nm, n = 1.53) for AB = 800 nm.
The white arrow indicates the direction of the electric-field
propagation.

In order to retrieve the image, which in this particular case
is virtual, the complex electric field above the microsphere is
therefore time-reversed propagated as shown in Fig.3.
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Fig. 3. Normalized amplitude of the back-propagated elec-
tric field in free space when the wavelength equals (a) 400 nm
(n =1.53) and (b) 800 nm (n = 1.51). The dotted black line rep-
resents the imaging plane. The white arrows indicate the di-
rection of the electric-field propagation. The microsphere is
represented by a dotted white circle only to illustrate its posi-
tion (but is not used for the back-propagation calculation).

This is performed in free space i.e., in the absence of the mi-
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crosphere, and in the opposite Z direction. The virtual images
A’ and B’ of the objects then correspond to the X and Z positions
of the maximal intensities. The value along Z gives the position
of the virtual image plane (represented by the dotted black lines
in Fig.3) and the distance A’B” between the two maximal intensi-
ties along the X axis leads to the magnification. The performance
of the microsphere in terms of the magnification and the lateral
resolution have been evaluated as a function of the wavelength
A of the light source, and the diameter D. Due to the large num-
ber of parameters tested, we report only the numerical results
related to the experiments.

First, the magnification provided by the microsphere, defined
as the ratio between A’'B’ and AB, was simulated as a function
of the wavelength of the visible light source, with the result-
ing curve given in Fig.4. These first simulation results show
that the magnification depends on the wavelength and, in the
case considered, increases as a function of the wavelength. In-
deed, the higher is the wavelength, the further is the imaging
plane from the microsphere and the greater is A’B” (see results
in Fig.3). However, for wavelengths higher than 800 nm, the
magnification tends towards a constant value of around 4.8. For
wavelengths of 500 nm and 850 nm, the magnification equals 3.5
and 4.5, respectively.
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Fig. 4. Magnification of the object generated by the micro-
sphere as a function of the wavelength.

In the second series of simulations, the full width at half maxi-
mum (FWHM) of the smallest discernible object by the micro-
sphere has been estimated i.e., following the Houston criterion
for a circular pupil (x ~ 0.5) [30]. This value is defined as the
ratio between the FWHM of the virtual image of a point source
i.e., the point spread function (PSF), and the magnification [31].
The evolution of the FWHM as a function of the wavelength is
shown in Fig.5.
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Fig. 5. FWHM in the object plane as a function of the wave-
length.

Despite higher magnification values for longer wavelengths, the
FWHM continues to increase with the wavelength, which means
that higher magnification does not imply better resolution. In
the case presented in Fig.4, the lateral resolution obtained using
a 25-pm diameter microsphere reaches 270 nm at A = 500 nm.
It should be noted that, without the microsphere and using a
coherent illumination at A = 500 nm, an appropriate microscope
objective (NA = 0.55) alone can only resolve structures larger
than 900 nm. Indeed, an imaging system illuminated by a coher-
ent light source provides a resolution of 6y, = A/NAie, k=1
[3]. Thus, in this case, it is shown that the microsphere-assisted
imaging technique improves the lateral resolution by a factor of
3.3 i.e., in the absence of the microsphere, a microscope objective
would require a NA of 1.85 to achieve an equivalent lateral reso-
lution.

Further simulations of this nature have shown thata FWHM
of 70 nm (A/6) can be obtained by using a microsphere with
a diameter of 5 ym and a refractive index of 1.9, immersed in
water, with coherent illumination at a wavelength of 400 nm.
In air, the FWHM decreases to 100 nm (A /4). For such a small
diameter of microsphere, combined with spherical aberrations,
the usable lateral FOV is reduced to a value of around 1 um.

For clarity, the numerical analysis of the super-resolution
performance described previously has been performed using a
single wavelength. Because in the experiments, a white-light
source was used to avoid coherent noise [28], the simulation
was then repeated by considering the full spectral band of the
illumination (Ag = 820 nm and AA ~ 500 nm). The determination
of the FWHM of the PSF of the microsphere in this case results
in a value of 320 nm in air.

3. EXPERIMENTAL METHOD

A MAPS system based on a Linnik configuration has been used
for the experimental measurements (Fig.6).

c TR &

TLE—3

KI A1\

Fig. 6. General layout of the experimental setup based on a
Linnik configuration, consisting of a broadband Kohler illumi-
nation system KI, a beam-splitter cube BSC, two x50 micro-
scope objectives MO, a reference mirror M, a tube lens TL and
a camera C. A piezo-electric device P supports the sample on
which the microsphere is placed (blue).

The incident beam from the broadband Kohler illumination
(KI) is divided into two by the beam-splitter cube (BSC). The
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transmitted beam i.e., the reference beam, passes through a
x50 microscope objective (MO) and is then reflected by the
reference mirror (M). The reflected beam i.e., the object beam,
passes through a similar MO and a microsphere which is placed
manually using a fine mechanical tip on the sample in front
of the objective (zoom view in Fig.6). The NA of the MO’s
was calibrated and determined to be 0.3. The diameter of the
soda lime silica glass microsphere is similar to that simulated
previously (D =25 um). The MO collects the virtual image of
the sample generated by the microsphere (as in Fig.1(b)) and the
BSC combines both the object and reference beams.

The position of the components of the reference arm is then
adjusted to balance the two arms of the interferometer due to the
presence of the microsphere. When the optical path difference
(OPD) between the two arms is inferior to the coherence length
of the light source, an interference pattern occurs and is imaged
on the camera (C) through the tube lens (TL). To improve the
contrast of the interference fringes, the aperture diaphragm of
the KI was reduced [25]. The piezo-electric device (P) supporting
the sample allows a variation in the OPD to implement the
standard five-step phase-shifting technique [1]. Therefore, five
phase-shifted interference patterns with a phase-shifting step of
7t/2 are recorded and the phase distribution ¢(x,y) is retrieved
using the following equation:

2(L - L
¢ (x,y) = arctan {%] , @

where I}, I, I3, I and I5 are the five frames with 0, /2, T,
37 /2 and 27 phase shifts, respectively. Post-processing of each
image is implemented, consisting of a median filter to reduce
noise. In order to remove the phase jumps of 27 resulting from
the arctangent function, an unwrapping algorithm based on a
non-iterative method [32] was developed and the OPD was then
evaluated. In classical interferometry, the phase ¢(x,y) and the
OPD are linked by the following equation:

¢ (xy) = 271%(”) @

With A, the effective wavelength of the light source. Then, the
topography of the sample is estimated by considering the refrac-
tive index variations in both object and reference arms. However,
in the MAPS technique, a microsphere is placed in the object
arm, adding a non-uniform optical path distribution due to its
spherical shape. The term OPD rather than height has thus been
retained in order to avoid confusion.

The measurements have been performed using two types of
light source i.e., a incandescent lamp and a white-light LED hav-
ing central wavelengths A of 820 nm and 560 nm, respectively.
Without implementation of the MAPS technique, the lateral res-
olution dy,, of the MO is 1.3 pm for Ag = 820 nm and 900 nm for
Ao =560 nm.

4. RESULTS AND DISCUSSION

To validate the MAPS technique, calibrated standard gratings
from SIMETRICS GmbH with a period of A =2 pum, A = 800 nm
and A =400 nm, were measured and the results of the surface to-
pography were compared with those using a Park XE 70 atomic
force microscope (AFM). The lateral resolution limitation from
the MAPS technique is achieved when A = 800 nm (~ 2xFWHM,
for Ay = 820 nm) and when A = 400 nm (~ 2xFWHM, for
Ao =560 nm).

Figure 7 shows the topography measurements of the 2-um

period grating. Four microspheres were placed on the sample,
as can be seen in the direct image (in Fig.7(a)), in the interference
pattern (in Fig.7(b)) and in the phase reconstruction (in Fig.7(c)).
However, only the left-bottom microsphere was used to recon-
struct the three-dimensional topography in Fig.7(d). The results
from the three other microspheres were not considered.
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Fig. 7. Measurement results of the topography of the 2-pm
pitch grating through a 25-um diameter glass microsphere illu-
minated by the incandescent lamp: (a) the direct image, (b) the
interference pattern, (c) the wrapped phase though 4 micro-
spheres. White dotted rectangular is the region of interest used
for (d) the 3D reconstruction of (e) the topographic surface
from the left-bottom microsphere. (f) The topographic surface
is also measured through the MO alone. (g) The cross-section
height profiles without microsphere (red dotted line) and with
microsphere (blue solid line) can be compared with (h) those
obtained using AFM (average height = 180 nm). White scale
bars represent 2 pm.

Assuming a period of 2 pm as having being measured, the
microsphere provides an additional magnification of 4.5, as ex-
pected in the simulations (see Fig.4 at A = 820 nm). The average
OPD between the top and bottom of the groove is about 150 nm,
slightly less than the value of 190 nm found by AFM and the
quoted value of 194 nm (SIMETRICS). Indeed, the OPD in the
MAPS technique includes the height distribution of the sam-
ple as well as other terms, of which the refractive index of the
microsphere. This could explain the slight height difference be-
tween both the measured and the expected depths. Moreover,
as is explained in the following sections, due to the spherical
and chromatic aberrations, the shape of the measured edge (see
Fig.7(e)) as well as the cross-sectional profile (see Fig.7(g)) are
deformed. Nevertheless, the resolution of the interferometer
using the MAPS technique is higher than that without the mi-
crosphere (see Fig.7(f)) i.e., the height value is 60 nm using the
MO alone (see Fig.7(g)).

The results of the 800-nm period grating are shown in Fig.8.
Assuming a period of 800 nm as having been measured, the addi-
tional magnification is also 4.5, corresponding to the simulation
results. In the numerical analysis, for Ay = 820 nm, the FWHM
of the discernible object is estimated to be 320 nm (~ A/2).
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Fig. 8. Measurement results of the topography of the 800-nm
pitch grating through a 25-pm diameter glass microsphere
illuminated by the incandescent lamp: (a) the direct image,
(b) the interference pattern, (c) the wrapped phase, (d) the 3D
reconstruction of (e) the topography surface through the mi-
crosphere, and (f) the topographic surface through the MO
alone. (g) The cross-section height profiles without the micro-
sphere (red dotted line) and with microsphere (blue solid line)
can be compared with (h) those obtained using AFM (average
height = 180 nm). White scale bars represent 1 pm.

The average OPD between the top and bottom of the grooves
is about 110 nm, smaller than the value of 180 nm found by AFM
(Fig.8(h)) and the quoted value of 180 nm (SiMETRICS). This
latter result could be explained by the difference between the
OPD and real height value as explained previously. Further-
more, the size of the half of the grating period in the virtual
plane (4.5 x A /2 =1.8 pm) is higher than the lateral resolution
limit of the MO (Jy,y = 1.3 um). Moreover, in Fig.8(b) the contri-
bution of the +1 and -1 diffraction order of the grating can also
be observed, which could alter the measurement on the border
for this kind of sample. However, the interferometer assisted
by a microsphere provides a higher resolution than without the
microsphere (average height = 20 nm) and thus a higher axial dy-
namic range as shown in Fig.8(g)), the comparison of the height
profiles.

To improve the results, the incandescent source was replaced
by a white-light LED which has a smaller central wavelength
(Ap =560 nm). The results of measurements through the micro-
sphere of a grating with a period of 400 nm are presented in
Fig.9. The experimental magnification is 3.5 which is equivalent
to that found by simulation. The lateral resolution is thus im-
proved by a factor of 4.7 (~ éxy x 2/ A). While the imaging
system can distinguish the grating pattern, the average OPD be-
tween the top and bottom of the grooves is about 40 nm, much
less than the height value of 90 nm found by AFM (Fig.9(d)).
As mentioned previously, the error in the height measurement
could be due to the difference between the OPD and real height
value and/or to the fact that the lateral resolution limit of the
MO is reached (0x,y = 900 nm ~ 3.5 x A/2). In this case, the
FWHM due to the microsphere is 270 nm (~ A/2). Moreover,
the groove appears as a "V" shape in the AFM measurement

(Fig.9(d)) which could be due to the convolution of the tip shape
with the straight groove, leading to a wrong interpretation of
the axial accuracy.
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Fig. 9. Measurement results of the topography of the 400-nm
pitch grating through a 25-pm diameter glass microsphere il-
luminated by a white-light LED: (a) the 3D reconstruction of
(b) the topography surface and (c) the profile of the black dot-
ted line in (b). This result can be compared with (d) obtained
using AFM (average height = 90 nm).

A second type of sample was then measured using the mi-
crosphere consisting of a series of Ag nano-dots covered by a
SiON layer on a Si wafer made by nano imprint lithography. The
periodical elliptical nanostructures have an approximate size
of 200 nm x 300 nm, and are separated by 200 nm and 300 nm
along the X and Y axes respectively. The average height is 28 nm.
The measurements of the topography made through the 25-pm
microsphere are shown in Fig.10.
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Fig. 10. Measurement results of the topography of oval-
shaped nano particles of Ag covered by a SiON layer through
a 25-um diameter glass microsphere illuminated by the white-
light LED: (a) the direct image, (b) the interference pattern,

(c) the wrapped phase, (d) the 3D reconstruction of (e) the to-
pography surface and (f) the profile of the black dotted line in
(e). This result can be compared with (g) obtained using AFM
(average height = 28 nm). White scale bars represent 1 pm.
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The pattern of nano-elements was observable through both the
direct image (Fig.9(a)) and the phase distribution (Fig.10(c)).
Moreover, the OPD measurements of the heights of the struc-
tures with MAPS (Fig.10(d-f)) are similar to the measurements
using AFM (Fig.10(g)). While the acquisition time for the AFM
measurements is 15 minutes (256 x 256 pixels) due to point
scanning, the MAPS technique allows a full-field measurement
of the nano-objects thanks to the microsphere in less than 10
seconds since it does not require lateral scanning. As shown in
Fig.10(e), the OPD reconstruction is sloped. The next section
explains the subsequent corrections performed.

5. WAVEFRONT-DEFORMATION CORRECTION

The use of a spherical microlens yields a curved deformation in
the measured phase as shown in Fig.11.
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Fig. 11. Reconstruction of the topography of the 400-nm pe-
riod grating through a 25-um diameter glass microsphere illu-
minated by a white-light LED. The representation differs by its
FOV (5 x 5 um?) which is much larger than that used in Fig.9
(2 X 2 pum?).

If the FOV of the 400-nm period grating measurement is in-
creased, the phase reconstruction can be seen to contain rings
which are due to the non-negligible spherical aberrations typi-
cally generated by microspheres of this size [33]. In the previous
measurements, assuming a flat sample, the aberration terms
have been removed by reducing the FOV and then applying a
polynomial 2D fit with a linear least squares method as shown in
Fig.11(c) by the red dotted lines. Then, the residual approaches
the wavefront free of the spherical aberration term.

6. CONCLUSION

The combination of a super-resolution microsphere-assisted
imaging technique with low-coherence phase-shifting interfer-
ence microscopy has been investigated. An experimental system
based on a Linnik configuration has demonstrated an improve-
ment by a factor of 4.7 in the lateral resolution in air. For a 25-pm
diameter glass microsphere, a lateral resolution of 200 nm at a
wavelength of 560 nm has been achieved with a microscope hav-
ing a NA of 0.3, for an axial sensitivity of several nm. Without
the microsphere, the interferometer would require an equivalent
numerical aperture of 1.4 to achieve the same lateral resolution.
High resolution 3D measurements have been performed on refer-
ence gratings and nanostructures. A more isotropic nanometric
accuracy is thus achieved for full-field surface profilometry, with
the advantages of being in the far field. The imaging perfor-
mance has also been studied by numerical simulation in terms

of the magnification and the lateral resolution as a function of
the geometrical and optical parameters and confirm the exper-
imental measurements. Using a microsphere combined with
phase-shifting interferometry, this new 3D imaging technique
appears to be very promising for nanometrology.
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