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Microscopic scan-free surface profiling over extended
axial ranges by point-spread-function engineering
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The shape of a surface, i.e., its topography, influences many functional properties of a material; hence, character-
ization is critical in a wide variety of applications. Two notable challenges are profiling temporally changing struc-
tures, which requires high-speed acquisition, and capturing geometries with large axial steps. Here, we leverage
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point-spread-function engineering for scan-free, dynamic, microsurface profiling. The presented method is ro-
bust to axial steps and acquires full fields of view at camera-limited framerates. We present two approaches for
implementation: fluorescence-based and label-free surface profiling, demonstrating the applicability to a variety

of sample geometries and surface types.

INTRODUCTION

Surface profiling (profilometry) is used to characterize the topogra-
phy of a surface. Because the functional properties of a material can
be strongly influenced by the surface structure (1-3), profilometry
has many important applications, e.g., in catalysis (4), biomechanics
(5, 6), and pathology (7). In designing functional materials, profilo-
metry is vital over a broad range of length scales, e.g., airfoils, 10' m
(8); lenses, 1072 m (9, 10); and thin-film structures and biocompat-
ible materials, 107° to 10° m (11, 12), the latter scale being the pri-
mary subject of this work.

Profilometry techniques can be divided into two categories: con-
tact (including pseudo-contact) and noncontact methods (13). Con-
tact methods, namely, stylus profilers and scanning probe microscopy
techniques, are based on moving a cantilever-mounted tip across the
surface of a material. Surface topography induces tip displacements
(14), deflections (15, 16), or conductance changes (17), which are then
correlated with vertical displacement to produce topographic maps,
with resolution down to the subnanometer scale in three dimen-
sions (18). Contact techniques, however, have several limitations.
First, close proximity to a specimen is not feasible for particularly
rough surfaces, namely, surfaces with feature sizes on the scale of the
probe. Second, measurements may impart detrimental effects on a
sample, e.g., surface-texture deformation. Third, the temporal reso-
lution for scanning dynamic samples is limited by the scan rate, of-
ten on the order of seconds or more depending on the field-of-view
(FOV) size (19), although high-speed atomic force microscope can
be used to substantially decrease the acquisition time (16). Noncon-
tact methods are typically based on electron microscopy or optical
imaging. Scanning electron microscopy can directly image an entire
surface, providing topographic information at nanometer resolution,
albeit with limited quantitative depth information (20). In addition,
most instruments require a vacuum; thus, the conditions may not
be suitable for a variety of samples. Furthermore, because surface
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charging produces image artifacts, it is sometimes necessary to de-
posit a thin metallic layer onto nonconductive sample, e.g., biologi-
cal samples.

Optical methods have been widely applied to microprofilometry
as well (21) and benefit from being nondestructive (for samples that
are not light sensitive) and applicable to a broad range of sample
sizes. Another key advantage of scan-free optical techniques is the
high-speed acquisition rate, essential for observing fast-time dynam-
ics in microscale objects, e.g., microelectromechanical system (MEMS)
(22), deforming elastomers (23), and living specimen (5, 6).

The most commonly applied optical microprofilometry methods
are based on interferometry. Briefly, an illumination path is split;
one channel is reflected off a reference mirror, and the other off the
sample, before recombining the paths. Phase-shifting interferome-
try (PSI) uses a spectrally narrow beam and extracts nanoscale axial
information based on the optical path difference between the beams.
The method relies on controlled phase shifts obtained by mechani-
cally scanning the reference mirror (24). Problematically, because
of the cyclic interference signal, there is a 2n-phase ambiguity that
limits the measurements to relatively smooth surfaces, i.e., surfaces
with axial discontinuities smaller than a quarter wavelength (25).
To overcome the phase ambiguity, coherence scanning interferometry
(CSI) uses a broadband light source, thus enabling the measurement
of surfaces with larger step heights and discontinuities (26, 27).
While the axial resolution of CSI is inferior with respect to PSI,
nanoscale axial resolution can still be recovered using frequency
domain analysis (28). Both PSI and CSI require axial scanning that
fundamentally limits their temporal resolution.

Digital holography microscopy (DHM) is a scan-free interfero-
metric technique that enables computational reconstruction of three-
dimensional (3D) structures from a single image (29). The technique
achieves subnanometer axial resolution and diffraction-limited lat-
eral resolution (21). Similarly to PSI, there is phase ambiguity, re-
quiring phase unwrapping. This is problematic for features with
steep slopes or abrupt steps greater than a half wavelength, where
the reconstruction can fail to recover the true topography (30). Re-
solving the phase ambiguity is possible by combining coherence
interferometry principles with holography (31).

Another approach to measure the topography of a 3D surface is
to apply 3D microscopy techniques, such as stereoscopic microscopy
(e.g., by structured light projection) (32), multiplane imaging, or
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confocal microscopy (7, 33). Another technique is 3D localization
microscopy using transiently bound fluorescent emitters to achieve
a high spatial density, namely, 3D point accumulation for imaging
in nanoscale topography (PAINT) (34). Very recently, it was sug-
gested that optical aberrations of a microscope could be exploited to
localize fluorescent particles attached to a MEMS surface, acquiring
axial information at specific positions simultaneously on the order
of the depth of field of the imaging system (35).

The standard point-spread-function (PSF) of an optical system
is ill-suited for depth imaging, because (i) it is approximately sym-
metric above and below the focal plane and (ii) the precision to
which the position of a point source can be determined (localized)
degrades rapidly with defocus. To circumvent this limitation, PSF
engineering can be used. PSF engineering is a method that enables
extended 3D imaging by modifying the shape that a point source
forms on the camera to encode depth information. The modification
of the PSF shape can be achieved by adding a phase-shaping element
to the optical system, e.g., a liquid crystal spatial-light modulator
(LC-SLM) or a fabricated phase mask (36-38). Using this method, the
axial position of a point source can be encoded efficiently over ~40 times
the depth of field of a standard microscope (39).

Here, we leverage PSF engineering to implement a noncontact
microprofilometry technique that overcomes several key limitations
of existing methods. The approach is scan-free, and therefore inher-
ently fast, not restricted to smooth surfaces, that is, it can handle
surfaces with substantial axial discontinuities or irregularities, such

as axial steps. Furthermore, it can be implemented as an add-on to
existing light microscopes. We demonstrate two modes of imple-
mentation (i) using fluorescent emitters scattered on a surface of a
3D dynamic object and (ii) a label-free method using reflected light
from a projected pattern of illumination spots. For both implemen-
tations, we use the Tetrapod PSF, which has been optimized to con-
tain the maximum amount of information on the 3D position of a
point source (38, 39). PSF engineering-based profilometry is appli-
cable to a variety of engineering fields, particularly those requiring
dynamic measurements of large FOVs and axial ranges, such as
MEMS, microfluidics, and soft actuators.

Principle of the method

The topography of a surface can be estimated using discretely mea-
sured positions at various points. Localization microscopy by PSF
engineering relies on images of spatially separated point sources
whose 3D positions are robustly encoded. We obtain the spatial sep-
aration, either by using scattered fluorescent emitters or by illuminat-
ing an array of spots along the surface, to reconstruct a topographic
map (Fig. 1A).

In our implementation, we use a standard fluorescence micro-
scope with two modifications: (i) the illumination of the instrument
is controlled by a digital micromirror device (DMD) to switch be-
tween wide-field illumination (for sparse fluorescent emitter sam-
ples) and patterned illumination, i.e., an array of spots. (ii) The
light-collection side of the microscope is extended with a 4f optical
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Fig. 1. Localization-based profilometry. (A) Point sources for 3D localization can be produced using illuminated fluorescent beads attached to the surface and wide-
field illumination, or by projecting an array of spots using the DMD-based illumination module (illumination shown in green). In both modes, the light-collection path
(red) is extended with a 4f system containing an SLM in the Fourier plane that bestows the 3D PSF. (B) Top: The Tetrapod phase mask, displayed on the SLM, is designed
to encode an axial depth range of 600 um (using a 4x objective, 0.13 NA). Bottom: Simulated and measured Tetrapod PSFs. Scale bar, 20 um.
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processing system using two lenses, with a phase modulating device
(i.e., LC-SLM) placed in the conjugate back focal plane (BFP) of the
objective lens.

The SLM modulates the wavefront using the Tetrapod phase-
mask pattern, and by this, the 3D position at each measurement
point in the sample is inferred algorithmically. The phase mask is
designed for a desired depth range and a given set of optical system
parameters: numerical aperture (NA), magnification, emission wave-
length, and SLM pixel size (39). Figure 1B shows the depth depen-
dence of the simulated and experimentally measured Tetrapod PSF
designed for a 600-um range (40).

RESULTS
Fluorescence-based PSF profilometry
To demonstrate the applicability of PSF engineering for dynamic
microprofilometry, we first characterized a deformable elastic mem-
brane (Fig. 2). In brief, a thin polydimethylsiloxane (PDMS) sheet
was bonded to a glass-backed 10-mm-thick PDMS slab, containing
a 1.25-mm-diameter cylindrical cavity attached to a syringe (Fig. 2A).
The air pressurize in the cavity was adjusted to inflate and deflate
the membrane. For measuring the resulting deformation, the outer
membrane was decorated with a low density of fluorescent beads and
imaged using the optical setup depicted in Fig. 1A. The membrane
was imaged continuously, for 10 s with 20-ms exposure time and a
frame rate of 50 Hz, while being inflated and deflated; this caused
each bead’s PSF shape to change dynamically with its axial location.
To reconstruct the 3D dynamics of the membrane, we first local-
ized the 3D positions of each bead per frame, using an interpolated
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calibration dictionary that was generated by scanning a single fixed
bead (Fig. 1B; see Materials and Methods). Next, we interpolated the
positions of 60 fluorescent beads to render the membrane in each
frame (movie S1). Two example frames and associated surface re-
constructions of the uninflated and inflated (convex) states are shown
in Fig. 2B. The difference between the extreme concave and convex
states was ~512 um, corresponding to nearly 85% of the de-
signed phase-mask axial range (Fig. 1B), for a 3.3 x 3.3 mm”
FOV. The maximum deformation of the membrane was calculat-
ed in terms of radius of curvature, by fitting a sphere to the recon-
struction, to be 1 mm (the mean slope angle obtained for this case
is ~25°, as calculated from the maximal axial depth and the mem-
brane radius).

To estimate the resolution of our approach, we considered the
lateral and axial sources of error separately. The lateral resolution
is affected by two factors: the lateral localization precision of each
point and the emitter density used to reconstruct the surface rela-
tive to its topography features. We measured the lateral localization
precision to be 188 nm in x and 179 nm in y, 15 times smaller than
the effective pixel size; this measurement was based on the localiza-
tions of all 60 beads (scattered on the membrane) during 120 video
frames (fig. S1). The lateral sampling frequency is determined by the
emitter density. Here, the beads were attached at low density, and
only the 60 beads that their PSFs were not overlapping or saturated
were used for the reconstruction, to simplify the analysis (mean lat-
eral distance of ~143 um, see note S1). Hence, according to Nyquist
sampling, the maximal lateral frequency that can be resolved corre-
sponds to a distance of ~286 um, which is sufficient under the as-
sumption regarding the membrane smoothness. For more complex
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Fig. 2. Dynamic PSF profilometry based on scattered fluorescent beads. (A) Fluorescent beads are sparsely immobilized on an elastic membrane, which is deformed
by controlling its inner pressure. The membrane is imaged under the microscope at 50 Hz using a 4x 0.13 NA objective. (B) Top: Two captured fluorescence video frames
(after subtracting the background). Top left: Membrane in its flat position showing that most of the fluorescent emitters are in focus. Top right: Deformed membrane
showing that most of the emitters are defocused. Insets: Close-up images of a single scattered emitter. Scale bar, 200 um. Bottom: Corresponding 3D reconstructions of
the frames. The red dots represent the 60 3D localized beads; saturated and overlapping beads were excluded from the analysis. Color map represents the axial displace-
ment of the membrane, based on a linear interpolation of 100 grid points. (C) DHM line reconstructions for 10x 0.3 NA objective. The curves show partial view of the flat,
concave, and convex states of the membrane. For the convex state, at angles above 4.7°, the DHM method fails to reconstruct the surface.
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samples, a substantial degree of emitter overlap can be handled us-
ing more sophisticated fitting algorithms (41).

The axial precision was determined to be 5.3 um (fig. S1), seven
times smaller than the depth of field, defined by

An (1)

DOF = 4,

where # is the refractive index of the objective’s immersion media
(air), A is the emission wavelength, and NA is the numerical aper-
ture of the imaging system (42).

To compare our approach to the current state of the art, namely,
holography, we performed an analogous measurement using a com-
mercial, reflection-based DHM device (see Materials and Methods).
The reflection profilometer we used is configured with a single laser
source (666 nm), hence is limited to relatively smooth surfaces with
shallow slopes.

To capture the full lateral extent of the membrane, we used a
2.5x 0.07 NA objective to view a 2.64 x 2.64 mm” region. At the
maximum deformation obtained in this DHM measurement, i.e., the
largest deformation correctly reconstructed, the membrane’s radius
of curvature was 19 mm (fig. S2), which is 19 times worse than using
our PSF engineering approach (Fig. 2B) (the maximum mean slope
angle that could be measured in this DHM measurement was ~1°).
To measure larger slopes with the DHM device, we used a 10x 0.3
NA objective, where only a ~35% of the membrane could be visual-
ized (0.66 x 0.66 mm? Fig. 2C). For this measurement, the corre-
sponding radius of curvature was 5.6 mm, 5.6 times worse than our
full-membrane approach (the maximum mean slope angle obtained
in this DHM measurement was ~4.7°). For both objective configu-
rations, deformation beyond the maximal slope caused incorrectly
reconstructed surfaces, exhibiting nonsmooth jumps (Fig. 2C, fig. S2,
and movies S2 and S3). Figure 2C presents the deformations ob-
tained for a 10x 0.3 NA objective, fig. S2 provides the deformations
for a 2.5x 0.07 NA objective, and movies S2 and S3 show the corre-
sponding dynamic DHM line reconstructions of the deformed mem-
brane. One of the reasons for DHM technique failure in this case
is its inherent 2m-phase ambiguity, noted in Introduction.

Label-free PSF profilometry using projected

illumination points

In many cases, adhering fluorescent particles to the sample is not
possible or ill-advised, e.g., when the sample must be kept clean.
Here, we show that an engineered illumination path can be used to
replace the fluorescent emitters with an array of illuminated points,
projected onto a reflective sample. As illustrated in Fig. 1A, the
illumination-engineering module consists of a DMD inserted into
the illumination path of the microscope in a position conjugate to
the sample plane. The pattern on the DMD, namely, an array of spots,
is projected onto the sample (fig. S3) (43). Analogous to the fluores-
cent sample, light reflected from the sample is modulated in the
light-collection path, where the PSF engineering is performed.
Tilted reflective plane

While fluorescent point sources emit light in all directions, reflective
samples do not. To demonstrate that our technique is still applica-
ble even for inclined planes, we used a tilted silicon wafer illuminat-
ed with a patterned 640-nm laser (Fig. 3A). For this measurement,
we used a 100x 1.45 NA oil objective and a Tetrapod phase mask
encoding an axial range of 4 um. A single illuminated spot was used to
build the PSF calibration dictionary (Fig. 3B and fig. S3). Figure 3C
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presents captured images of a 70-spot illumination array on the re-
flective surface for both the standard PSF (i.e., using the SLM without
any mask) and the Tetrapod PSF. In the standard PSF image, the
signal-to-noise ratio (SNR) of the spots varies substantially over the
FOV, because the depth extends far beyond the objective’s depth of
field. In contrast, the engineered Tetrapod PSFs are well observed
far above and below focus, efficiently encoding the axial location in
their shape.

The reconstruction of the tilted planar surface was attained from
the localized positions (Fig. 3D). The deviations from the planar fit
at each measured position provides an estimate for the axial preci-
sion, which is represented by the color map of the surface. The standard
deviation of the position differences from the fitted plane was 33 nm.
To verify that these deviations from the plane represented the axial
precision and not an underlying nonplanarity of the sample, we re-
peated the experiment under different illumination conditions and
obtained uncorrelated error patterns (fig. S4). The lateral sampling
frequency, i.e., the distance between two projected focused spots in
the sample plane, was 8.32 pm; however, higher densities could be
achieved with different illumination patterns and smaller engineered
PSFs (41) or by sacrificing temporal resolution using time-varying
illumination patterns.

Reflective stepped surface

The most challenging surfaces to profile are those with large axial
steps. For contact methods, this is due to geometrical constraints;
for interferometric optical methods, the step creates a redundancy
in phase. A main advantage of our method is that it is applicable in
the case of axial steps. To demonstrate our technique’s robustness
to such geometries, we constructed a stepped metallic surface with
a designed step height of 170 um (Fig. 3, E to H). We imaged the
reflective stepped surface using a 4x 0.13 NA objective and de-
signed the corresponding phase mask for a range of 600 um; the
obtained dictionary of the engineered PSFs is shown in Fig. 3F.

Images of the illumination spots for both the standard PSF and
the Tetrapod PSF are shown in Fig. 3G. For the standard PSF, the
axial displacement only permits one surface at a time to be clearly
visible. In contrast, using the Tetrapod, the PSFs on both surfaces
are easily observed. The lateral sampling frequency, determined by the
illumination pattern, was 208 um. After localization, the step height
was measured by subtracting the absolute mean of the axial posi-
tions on the left side of the step from that of the right. This measure-
ment, 172 + 13 um, was in line with a physical measurement using
calipers, 170 £ 10 um (Fig. 3H). The obtained measurement uncer-
tainty of our method in this case (+13 um) is in the order of magni-
tude of the deformed-membrane experiment axial precision (5.3 um),
which was performed using the same objective (4x 0.13 NA). A dis-
cussion of localization precision is performed in note S2.

Using the DHM profilometer described above, with a 2.5x 0.07
NA objective, the height of the step could not be resolved. This is
due to the inherent limitation of the profilometer to measure abrupt
changes in height, as specified by the manufacturer to be a maximal
340-nm step height, when using a single wavelength, which is ~500 times
smaller than our step.

Dynamically tilting mirror

To demonstrate the applicability of the presented label-free profilom-
etry for dynamic samples, we constructed a tilting mirror setup as
shown in Fig. 4A. Using our method, we were able to quantify the
damped-oscillation mirror dynamics, as demonstrated by plotting the
angle value of the fitted plane (based on our surface reconstructions),
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Fig. 3. PSF profilometry based on a projected point array. (A) lllustration of the experimental setup for profiling a tilted surface, imaged using 100x objective, 1.45 NA.
The illumination array of spots is projected on the surface and reflected back. (B) Top: Tetrapod phase mask designed for a depth range of 4 um. Bottom: Corresponding
measured dictionary PSFs for different axial locations along the desired depth range. Scale bar, 2 um. (C) Captured images (10-ms exposure time) of the reflected spots
from the tilted surface. Right: Using the Tetrapod PSF, high SNR throughout the axial range is maintained, and the PSF shape corresponds to the axial location. Left: Stan-
dard PSF, when no mask is used on the SLM. The contrast of the image within the red rectangle is stretched to illustrate SNR degradation with defocus. Scale bar, 10 um.
(D) Reconstructed 3D tilted surface. The red dots represent the localized illumination spots. The color map represents the deviation from a fitted plane. (E) lllustration of the ex-
perimental setup for profiling a step in height, imaged under the microscope, 4x objective, 0.13 NA. (F) Top: Tetrapod phase mask for a depth range of 600 um. Bottom: Corre-
sponding measured dictionary PSFs. Scale bar, 20 um. (G) Captured images (100-ms exposure time) of the reflected illumination grid from the two surfaces. Left: Obtained
standard PSFs; the contrast of the image within the red rectangle is stretched. Right: Obtained Tetrapod PSFs (directly visible from both surfaces). Scale bar, 200 um. (H) Reconstructed
3D step. The localized spots are represented as red dots. The color map indicates the axial (z) location, based on a linear interpolation of 250 grid points in xand 50in y.

-300

relative to the steady-state resting angle, for each video acquisition
frame (Fig. 4D and movie S4). The setup consists of a mirror glued
on a metal rod and both glued to a vertical card stock. The rod was
placed on the microscope stage, and the mirror was imaged using a
20x 0.75 NA objective. By gently tilting the card stock paper and then
releasing it, we caused the mirror to undergo damped oscillatory mo-
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tion. The mirror was imaged continuously, for 2.2 s, with 20-ms expo-
sure time and a frame rate of 50 Hz. The depth range of its movement
spanned ~43 um. As shown in movie 4, the mirror movement caused
each illumination spot’s PSF shape to change dynamically with its
axial location (we used the same phase mask presented in Fig. 1B
and rescaled it to match the 20x 0.75 NA objective). Two example
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Fig. 4. Dynamic PSF profilometry using a projected point array. (A) lllustration of the experimental setup. The mirror (blue) is imaged at 50 Hz using a 20x objective, 0.75 NA.
After tilting the mirror and releasing it, the mirror undergoes a damped oscillatory motion. (B) Top: Two captured video frames at the upper and lower positions. Bottom:
Corresponding surface reconstructions. Red dots represent the localized illumination spots in 3D. The reconstruction is based on a linear interpolation of 50 grid points. Scale bar,
50 um. (C) Averaged deviation from a fitted plane for 112 video frames. Scale bar, 50 um. The color map represents the deviation from the fitted plane. (D) Experimentally de-
rived angles of the fitted plane during the video acquisition time. The angles presented are relative to the steady-state resting angle (which was ~5° relative to the xy plane).

frames and associated mirror surface reconstructions of two mirror
states are shown in Fig. 4B, where deviations from the planar fit at
each measured position are represented by the color map of the sur-
face. By computing the average of these deviations for the 112 video
frames, we obtained the pattern presented in Fig. 4C. From the pat-
tern, a minor field-dependent aberration is observed, which could
be corrected by using a different PSF dictionary per FOV area.

Scaling of the depth range
The applications demonstrated in this work span a depth range be-
tween several micrometers to about half a millimeter. To quantify the
scalability of the approach in terms of depth range, we can charac-
terize the applicable depth range of the PSFs as a function of the objec-
tive used.

Consider an objective imaging a point source. The phase shift in
the BFP due to axial displacement relative to the focal plane can be
approximated as

_ 2mn NA \*"ramn |y 1(NA )

where # is the refractive index of the objective’s immersion media
(assuming no refractive index mismatch between the immersion
media and the sample) (40). A is the emission wavelength, z is the
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axial location of an emitter (zero at the focal plane), and 0 <p < 11is
the normalized polar coordinate in the BFP. In the Taylor series ex-
pansion presented in Eq. 2, orders beyond the second order were
neglected. This approximation is formally correct only for NA val-
ues sufficiently smaller than 1 but, in practice, holds well even for
larger NAs, as can be seen by the similarity of the two insets in
Fig. 5, captured with different objectives.

For a specific axial position, up to a constant phase, the phase
shift can be approximated as

2nn 1 (NA \?
)’

Hence, it is possible to obtain approximately the same phase
shift in the BFP using objectives with different NAs (under normal-
ized radial BFP units), as long as z is changed accordingly. This means
that the same PSF shape (up to a lateral scaling by the objective
magnification) can be obtained using the same phase-mask pattern,
with appropriate lateral scaling (see insets in Fig. 5) (44).

2
_EZNA 2

b =~ an

3)

DISCUSSION

We presented a method for contactless optical microprofilometry
based on PSF engineering. Our approach addresses key limitations
in microsurface profiling, thus enabling the characterization of
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Fig. 5. PSF depth range for air and oil objectives as a function of the NA. The analytical expression for the depth range is given in Eq. 3. Insets: Experimentally measured Tet-
rapod PSFs obtained using the same phase mask presented in Fig. 1B (laterally rescaled to match the oil objective BFP size). The left inset is a measured PSF that corresponds to a
4x, 0.13 NA air objective at an axial location of 160 um (300-ms exposure time, obtained from the dictionary presented in Fig. 1B). Scale bar, 20 um. The right inset is a PSF that
corresponds to a 100, 1.45 NA oil objective at axial location of 2 um (100-ms exposure time, obtained by imaging a 200-nm fluorescent bead on a coverslip). Scale bar, 2 um.

challenging samples. Specifically, main advantages include high-
speed, simultaneous acquisition of a large FOV (limited by detector
size and acquisition rate), versatile depth ranges (by selecting the
relevant phase mask), and complete robustness to axial steps. Impor-
tantly, the method can be used on dynamic or otherwise challeng-
ing samples using immobilized fluorescent emitters or in a label-free
fashion by point-array illumination.

We have demonstrated the versatility of our profilometry meth-
od over a diverse set of samples and depth ranges: a dynamic inflat-
able membrane on the submillimeter range, a reflective stepped
sample on the hundreds of micrometer range, and static and dy-
namically tilting reflective planes on the tens to single micrometer
range. The applicable axial range can, in principle, be extended even
further, as needed, practically constrained by the optical imaging
setup and specifically by the objective lens. We found that the label-
free approach works best for highly reflective samples. Samples with
surface structures smaller than the size of the illumination spot pose
a challenge because of local aberrations to the PSFs; however, these
aberrations can be overcome to some extent by continuously shift-
ing and averaging the sample.

Practically, the profilometry method presented in this work is sim-
ple, necessitating only an add-on to a standard optical microscope, and
the PSF modulation can be achieved in a variety of ways, including
an LC-SLM, a deformable mirror (45), or a dielectric mask (46).

One way to take advantage of our approach is to combine it with
DHM technology to solve the inherent ambiguity for large phase
jumps while simultaneously attaining nanoscale depth sensitivity.
Last, the lateral resolution can be improved by algorithmic enhance-
ments to allow dense emitter localizations in 3D (41) or for the
engineered illumination application by temporally changing the il-
lumination patterns to scan the array laterally.
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MATERIALS AND METHODS
Experimental design
Optical setup
The experiments described throughout the paper were performed
using the profilometry setup shown in Fig. 1A, which uses a cus-
tomized inverted fluorescence microscope (Eclipse Ti, Nikon). For
both the illumination-engineering module and the 4f system, achro-
matic lenses were used (Thorlabs) with the following focal lengths:
L1: f=30 mm, L2: f=75 mm, L3: f= 150 mm, L4: f= 100 mm,
L5: f=150 mm, L6: f=400 mm, L7: f=200 mm, L8: f= 150 mm, L9:
f=150 mm. In the 4f system, we placed a linear polarizer (Thorlabs)
to remove light polarized in the unmodulated direction of the SLM.
In the illumination-engineering module, the light exiting the laser
fiber was focused on a rotating diffuser (1500-grit ground glass dif-
fuser, Thorlabs) for beam decoherence. This light was then collimated
by a 4x 0.13 NA air objective (Plan Fluor, Nikon) and expanded (by
a factor of 2) to cover the full DMD. Because a DMD acts as a dif-
fraction grating, the intensity of the diffracted light from the DMD
is distributed between different diffraction orders. These orders were
focused and then blocked by an iris to transmit only the order with
the maximal intensity. The pattern was then focused by a Kéhler lens
to the BFP of the objective and projected onto the sample (note S3).
For the deformed-membrane experiment, fluorescent microspheres
542/612 nm, 2 pm in diameter (Fluoro-Max, Thermo Fisher Scientific),
were diluted 1:1200 in deionized water and distributed randomly on the
surface. The emitters were excited with 561-nm laser light (iChrome
MLE, Toptica). The excitation light was reflected upward toward the
sample through the 4x 0.13 NA air objective (Plan Fluor, Nikon) with a
multibandpass dichroic mirror (TRF89902-EM-ET-405/488/561/647 nm
Laser Quad Band Set, Chroma). Emission light was also filtered with
a bandpass filter (FF02-617/73, Semrock). In the 4f system’s BFP, we
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placed a reflective LC-SLM for phase modulation (PLUTO VIS 020,
Holoeye). For acquisition, we used an Scientific complementary metal-
oxide-semiconductor (sSCMOS) camera (Prime 95b, Photometrics).
For the projected point-array experiments, 640-nm laser light
(iChrome MLE, Toptica) was projected onto the DMD (DLP
LightCrafter 6500 Evaluation Module, Texas Instruments) as part
of the illumination-engineering module. The engineered illumina-
tion pattern was reflected up with a multibandpass dichroic mirror
(TRF89902-EM- ET-405/488/561/647 nm Laser Quad Band Set,
Chroma) such that the measured signal was actually due to the non-
zero transmittance of the filter at 640 nm (0.4%). The objectives
used were 100x 1.45 NA oil objective (Plan Apo A, Nikon) for the
static tilted reflective sample, 4x 0.13 NA air objective (Plan Fluor, Nikon)
for the reflective stepped surface, and 20x 0.75 NA air objective (Plan
Apo A, Nikon) for the dynamically tilting mirror. Phase modulation was
performed using a reflective LC-SLM (high-speed 1920X1152, Meadowlark
Optics, for the static reflective samples, and PLUTO VIS 020, Holoeye,
for the dynamically tilting mirror). For the static reflective samples
acquisition, we used an electron multiplying charge-coupled device
(EMCCD) camera (iXon Ultra 897, Andor), and for the dynamically
tilting mirror, we used an sSCMOS camera (Prime 95b, Photometrics).
In the different experiments, two different LC-SLMs and cameras
were used because of setup availability, which also demonstrates the
flexibility of our technique. In addition, for the reflection case, the
emission light does not fill the whole BFP (in contrast to the fluores-
cence case). Therefore, modifications to the phase-mask size and
location in the BFP were applied to obtain an optimal PSF shape (in
the image plane).
PDMS membrane apparatus
The apparatus consisted of three layers, the first layer was a thin (30 pm)
PDMS (1:10 cross-linker to resin ratio, 184 silicone elastomer; Sylgard,
USA) fabricated by spinning the polymer at two steps. The first step
was a slow spinning (150 rpm for 40 s) process to uniformly spread
the polymer on a smooth silicon wafer, and the second step consisted
of spinning at high speed (1000 rpm for 175 s) and baking the
polymer at 82°C for 2 hours. The second layer of the device was a
thick (10 mm) PDMS mold with a tube insert diameter of '/, inch
at the middle of the mold, which was then baked at 82°C for 2 hours.
Next, we used a 1.25-mm biopsy punch to construct the chamber,
designated for inserting air flow under the elastic membrane. The
two layers were then connected by exposure to plasma using a coro-
na discharge wand (BD-20 V, Electro-Technic Products, USA). The
corona discharge wand was also used to attach the opposite side of
the PDMS mold to a standard glass slide. To inflate and deflate the
membrane, a '/1¢-inch tube [perfluoroalkoxy (PFA) !/16 inch diameter,
Index Health and Science, USA] was inserted into the mold and
connected to a standard syringe.
DHM profilometer
The dynamic inflatable membrane DHM reconstructions were ob-
tained using a DHM profilometer from the reflection series (DHM
R1003, Lyncée Tec) with a single 666-nm laser source and 80-ms ex-
posure time. The objectives used were 2.5x 0.07 NA and 10x 0.3 NA
(standard set, Lyncée Tec).
Tilted reflective plane
A 20 x 20 mm?” silicon wafer, 1 mm thick, was fixed to a glass slide and
tilted by attaching magnets to one side of it (as shown in Fig. 3A).
Reflective stepped surface
A glass coverslip was coated with a 180-nm-thick chromium layer
and cut in half to obtain two reflective surfaces. One surface was
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fixed directly on top of a glass slide, while the other was raised by
inserting a 170-pum-thick coverslip (Marienfeld Superior) on top of
the same glass slide (as shown in Fig. 3E).

Tilting mirror

A 12.7-mm-diameter mirror was glued to a 2-mm-diameter, 100-mm-
long metal rod and a 56 x 26 mm? card stock (0.5 mm width). The
rod held the assembly over the microscope objective and was moved
by pressing and then releasing the edge (Fig. 4A).

Statistical analysis

Calibration dictionary acquisition

For the 3D reconstructions, we used a calibration dictionary (as
presented in Figs. 1 and 3), which relates the PSF of a single bead/
spot to its precise z position. This is done by scanning the objective
relative to the focal plane, in a defined depth range with constant
steps. The dictionary z-stacks were acquired over a 600-um range
with 20-um step size and 300-ms exposure time for the deformed-
membrane experiment, 12-um range with 0.2-um steps and 500-ms
exposure time for the tilted reflective plane, 600-um range with
5-um steps and 100-ms exposure time for the reflective stepped sur-
face, and 100-pum range with 1-um steps and 20-ms exposure time
for the dynamically tilting mirror.

Reconstruction algorithm

The following MATLAB algorithm was applied on both inflatable
membrane and the reflective surfaces frames. A preprocessing step was
used for background subtraction to the acquired dictionary elements.
The background level was determined on the basis of bead/spot-free
regions. A correlation map was calculated by the maximal correlation
value between the first frame and the dictionary elements, per pixel.

For each bead/spot, the following steps were performed:

1) Global lateral coordinate calculation—Defined as the point of the
maximal value of the correlation map (which is updated by crop-
ping the localized bead/spot in each iteration).

2) For each temporal frame, the following was applied:

2.1) Center of mass (CoM) lateral coordinates calculation—A
region of interest (ROI) was defined around the global lateral coor-
dinates and its CoM was computed. According to the CoM coordi-
nates, the global lateral coordinates were updated.

2.2) Initial estimation of axial coordinate—Correlation between
the defined ROI containing the current bead/spot and the dictio-
nary elements was calculated. The bead’s axial position was defined
as the known axial position of the dictionary element with the high-
est correlation value.

2.3) Maximum likelihood estimation (MLE) interpolation
(40)—Refinement of the recovered 3D position was performed by
an MLE interpolation algorithm. Signal and background level were
also recovered by the algorithm.

The 3D dynamic reconstruction was obtained using the 3D lo-
calization matrix of the beads/spots throughout the frames. Where
noted, a linear interpolation was used to reconstruct the surface.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/44/eabc0332/DC1

REFERENCES AND NOTES
1. A.W.Adamson, A. P. Gast, Physical Chemistry of Surfaces (Interscience Publishers, 1967).
2. L.Mishchenko, B. Hatton, V. Bahadur, J. A. Taylor, T. Krupenkin, J. Aizenberg, Design
of ice-free nanostructured surfaces based on repulsion of impacting water droplets.
ACS Nano 4,7699-7707 (2010).

80of9


http://advances.sciencemag.org/cgi/content/full/6/44/eabc0332/DC1
http://advances.sciencemag.org/cgi/content/full/6/44/eabc0332/DC1

SCIENCE ADVANCES | RESEARCH ARTICLE

3. H.Assender, V. Bliznyuk, K. Porfyrakis, How surface topography relates to materials’
properties. Science 297, 973-976 (2002).

4. R.Narayanan, M. A. El-Sayed, Changing catalytic activity during colloidal platinum
nanocatalysis due to shape changes: Electron-transfer reaction. J. Am. Chem. Soc. 126,
7194-7195 (2004).

5. 1. Nitsan, S. Drori, Y. E. Lewis, S. Cohen, S. Tzlil, Mechanical communication in cardiac cell
synchronized beating. Nat. Phys. 12, 472-477 (2016).

6. M.B. Alvarez-Elizondo, D. Weihs, Cell-gel mechanical interactions as an approach
to rapidly and quantitatively reveal invasive subpopulations of metastatic cancer cells.
Tissue Eng. Part C Methods 23, 180-187 (2017).

7. E.Heurich, M. Beyer, K. D. Jandt, J. Reichert, V. Herold, M. Schnabelrauch, B. W. Sigusch,
Quantification of dental erosion—A comparison of stylus profilometry and confocal laser
scanning microscopy (CLSM). Dent. Mater. 26, 326-336 (2010).

8. F.Salazar, A. Barrientos, Surface roughness measurement on a wing aircraft by speckle
correlation. Sensors 13, 11772-11781 (2013).

9. J.H.Bruning, D.R. Herriott, J. E. Gallagher, D. P. Rosenfeld, A. D. White, D. J. Brangaccio,
Digital wavefront measuring interferometer for testing optical surfaces and lenses.
Appl. Optics 13, 2693-2703 (1974).

10. L.C.Chen, Y. W.Chang, High accuracy confocal full-field 3-D surface profilometry for micro
lenses using a digital fringe projection strategy. Key Eng. Mater. 364-366, 113-116 (2008).

11. P.J.de Groot, X. Colonna de Lega, M. F. Fay, Transparent film profiling and analysis by
interference microscopy. Interferom. XIV Appl. Int. Soc. Opt. Photonics 7064, 70640l (2008).

12. A.K. Rajasekharan, C. Gyllensten, E. Blomstrand, M. Liebi, M. Andersson, Tough ordered
mesoporous elastomeric biomaterials formed at ambient conditions. ACS Nano 14,
241-254 (2020).

13. J.Schmit, K. Creath, J. C. Wyant, Surface profilers, multiple wavelength, and white light
intereferometry. Opt. Shop Test. 15, 674-763 (2007).

14. J.P.B.Williamson, Microtopography of surfaces. Proc. Inst. Mech. Eng. 182, 21-30 (1967).

15. G.Binnig, C. F. Quate, Atomic force microscope. Phys. Rev. Lett. 56, 930-933 (1986).

16. T.Ando, T. Uchihashi, T. Fukuma, High-speed atomic force microscopy for nano-
visualization of dynamic biomolecular processes. Prog. Surf. Sci. 83, 337-437 (2008).

17. G.Binnig, H. Rohrer, Scanning tunneling microscopy. Surf. Sci. 126, 236-244 (1983).

18. S.V.Kalinin, E. Strelcov, A. Belianinov, S. Somnath, R. K. Vasudevan, E. J. Lingerfelt,

R. K. Archibald, C. Chen, R. Proksch, N. Laanait, S. Jesse, Big, deep, and smart data
in scanning probe microscopy. ACS Nano 10, 9068-9086 (2016).

19. M.J.Rost, L. Crama, P. Schakel, E. Van Tol, G. B. E. M. Van Velzen-Williams, C. F. Overgauw,
H. Ter Horst, H. Dekker, B. Okhuijsen, M. Seynen, A. Vijftigschild, P. Han, A. J. Katan,

K. Schoots, R. Schumm, W. Van Loo, T. H. Oosterkamp, J. W. M. Frenken, Scanning probe
microscopes go video rate and beyond. Rev. Sci. Instrum. 76, 053710 (2005).

20. J.l. Goldstein, D. E. Newbury, P. Echlin, D. C. Joy, C. Fiori, E. Lifshin, Scanning Electron
Microscopy and X-Ray Microanalysis: A Text for Biologists, Materials Scientists, and
Geologists (Plenum Press, 1981).

21. E.Leach, Richard, Optical Measurement of Surface Topography (Springer, 2011).

22. D.M.Freeman, Measuring motions of MEMS. MRS Bull. 26, 305-306 (2001).

23. G.Babakhanova, T. Turiv, Y. Guo, M. Hendrikx, Q.-H. Wei, A. P. H. J. Schenning, D. J. Broer,
0. D. Lavrentovich, Liquid crystal elastomer coatings with programmed response
of surface profile. Nat. Commun. 9, 456 (2018).

24. K.Creath, Phase-measurement interferometry techniques. Prog. Opt. 26, 349-393 (1988).

25. L.Deck, P. de Groot, High-speed noncontact profiler based on scanning white-light
interferometry. Appl. Optics 33, 7334-7338 (1994).

26. P.de Groot, Principles of interference microscopy for the measurement of surface
topography. Adv. Opt. Photonics 7, 1-65 (2015).

27. P.J.Caber, Interferometric profiler for rough surfaces. Appl. Optics 32, 3438-3441 (1993).

28. P.J.deGroot, L. L. Deck, Surface profiling by frequency-domain analysis of white light
interferograms. Opt. Meas. Sensors Process Ind. 2248, 101-104 (1994).

29. E.Cuche, P. Marquet, C. Depeursinge, Simultaneous amplitude-contrast and quantitative
phase-contrast microscopy by numerical reconstruction of Fresnel off-axis holograms.
Appl. Optics 38, 6994-7001 (1999).

30. T.Colomb, J.Kiihn, C. Depeursinge, Y. Emery, Several micron-range measurements
with sub-nanometric resolution by the use of dual-wavelength digital holography
and vertical scanning. Opt. Meas. Syst. Ind. Insp. VI 7389, 73891H (2009).

31. J.Xu,R. Cao, M. Cua, C. Yang, Single-shot surface 3D imaging by optical coherence factor.

Opt. Lett. 45, 1734-1737 (2020).

Gordon-Soffer et al., Sci. Adv. 2020; 6 : eabc0332 28 October 2020

32. S.VanderJeught, J. A. M. Soons, J. J. J. Dirckx, Real-time microscopic phase-shifting
profilometry. Appl. Optics 54, 4953-4959 (2015).

33. R.Artigas, A. Pinto, F. Laguarta, Three-dimensional micromeasurements on smooth
and rough surfaces with a new confocal optical profiler. Opt. Meas. Syst. Ind. Insp. 3824,
93-104 (1999).

34. A.Sharonov, R. M. Hochstrasser, Wide-field subdiffraction imaging by accumulated
binding of diffusing probes. Proc. Natl. Acad. Sci. U.S.A. 103, 18911-18916 (2006).

35. C.R.Copeland, C. D. McGray, B.R. llic, J. Geist, S. M. Stavis, Particle tracking of a complex
microsystem in three dimensions and six degrees of freedom, in 2020 IEEE 33rd
International Conference on Micro Electro Mechanical Systems (MEMS) (IEEE, 2020).

36. S.R.P.Pavani, M. A. Thompson, J. S. Biteen, S. J. Lord, N. Liu, R. J. Twieg, R. Piestun,
W. E. Moerner, Three-dimensional, single-molecule fluorescence imaging beyond
the diffraction limit by using a double-helix point spread function. Proc. Natl. Acad.
Sci. U.S.A. 106, 2995-2999 (2009).

37. A.S.Backer, W. E. Moerner, Extending single-molecule microscopy using optical fourier
processing. J. Phys. Chem. B 118, 8313-8329 (2014).

38. Y.Shechtman, S.J. Sahl, A. S. Backer, W. E. Moerner, Optimal point spread function design
for 3D imaging. Phys. Rev. Lett. 113, 133902 (2014).

39. Y.Shechtman, L. E. Weiss, A. S. Backer, S. J. Sahl, W. E. Moerner, Precise three-dimensional
scan-free multiple-particle tracking over large axial ranges with tetrapod point spread
functions. Nano Lett. 15, 4194-4199 (2015).

40. P.N.Petrov, Y. Shechtman, W. E. Moerner, Measurement-based estimation of global pupil
functions in 3D localization microscopy. Opt. Express 25, 7945-7959 (2017).

41. E.Nehme, D. Freedman, R. Gordon, B. Ferdman, L. E. Weiss, O. Alalouf, T. Naor, R. Orange,
T. Michaeli, Y. Shechtman, DeepSTORM3D: Dense 3D localization microscopy and PSF
design by deep learning. Nat. Methods 17, 734-740 (2020).

42. M.A.Lieb, J. M. Zavislan, L. Novotny, Single-molecule orientations determined by direct
emission pattern imaging. J. Opt. Soc. Am. B 21,1210-1215 (2004).

43. N.Chakrova, B. Rieger, S. Stallinga, Development of a DMD-based fluorescence
microscope. Three-Dimensional Multidimens. Microsc. Image Acquis. Process. XXI1 9330,
933008 (2015).

44. B.Ferdman, L. E. Weiss, O. Alalouf, Y. Haimovich, Y. Shechtman, Ultrasensitive
refractometry via supercritical angle fluorescence. ACS Nano 12, 11892-11898 (2018).

45. L.Sherman, J.Y.Ye, O. Albert, T. B. Norris, Adaptive correction of depth-induced
aberrations in multiphoton scanning microscopy using a deformable mirror. J. Microsc.
206, 65-71(2002).

46. G. Grover, S. Quirin, C. Fiedler, R. Piestun, Photon efficient double-helix PSF microscopy
with application to 3D photo-activation localization imaging. Biomed. Opt. Express 2,
3010-3020 (2011).

Acknowledgments: We thank H. Feldman for discussions. Funding: This project has
received funding from the European Research Council under the European Union’s
Horizon 2020 Research and Innovation Programme, grant agreements 802567 (to Y.S.)
and 678734 (to M.B.). L.E.W. and Y.S. were supported by the Zuckerman STEM Leadership
Program and Y.S. by a Career Advancement Chair from the Technion’s Leaders in Science
and Technology Program. In addition, this research was supported by the Israel Science
Foundation (grant no. 450/18) and by the Israeli Innovation Authority (grant no. 880326).
Author contributions: R.G.-S. and Y.S. designed the studies. R.G.-S., L.E.W., and R.E.
performed the experiments. R.G.-S., B.F., and E.N. wrote the reconstruction algorithm
and performed the simulations. R.G.-S., L.LE.W., M.B,, and Y.S. wrote the manuscript.
Competing interests: The authors declare that they have no 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 2 April 2020
Accepted 14 September 2020
Published 28 October 2020
10.1126/sciadv.abc0332

Citation: R. Gordon-Soffer, L. E. Weiss, R. Eshel, B. Ferdman, E. Nehme, M. Bercovici,

Y. Shechtman, Microscopic scan-free surface profiling over extended axial ranges by point-
spread-function engineering. Sci. Adv. 6, eabc0332 (2020).

90of9



