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We introduce and experimentally implement Fourier-plane phase synchronization for optical mi-
croscopy, and demonstrate its performance with interferometric scattering microscopy. By com-
bining a photothermal phase plate and laser beam scanning, we realize a synchronized phase for
all scattering components on the Fourier plane of high numerical-aperture microscopes, where the
evanescent waves and optical aberration normally produce highly inhomogeneous phase distribu-
tions. We achieve an almost perfect point spread function, exhibiting a tighter focus with 50%
enhancement of the signal and ideal circular symmetry. Particularly, by synchronizing the phase to
/2, we demonstrate the background speckles exhibit an anti-symmetric dependence on axial defo-
cus, enabling the effective suppression of the speckles via defocus integration and thus the detection
of 10 nm particles immobilized on the substrate. The concept and technique of seamless dynamic
phase control on the Fourier plane constitute a key asset for modern optical microscopy.

Since its inception, optical microscopy has been a cor-
nerstone of scientific discovery, enabling noninvasive vi-
sualization of structures and dynamics at the microscopic
scale [1]. At the heart of every imaging modality lies the
point spread function (PSF), which characterizes the sys-
tem’s response to a point object and forms the basis for
image interpretation and quantitative analysis [2, 3]. The
formation of the PSF becomes particularly critical for ad-
vanced quantitative imaging techniques [4-7] as its shape
and symmetry directly affect measurement fidelity [8—11].
However, the clarity and symmetry of the PSF are of-
ten compromised by angle(wavevector)-dependent inho-
mogeneous phase responses, background scattering, and
optical aberrations [12, 13]. These issues are especially
severe in interferometric techniques—including interfer-
ometric scattering (iISCAT) microscopy [14], holographic
microscopy [15], and interference reflection microscopy
[16]—which rely on precise phase differences between the
scattered and reference fields. Although our experiments
focus on iISCAT, the effects discussed here are generic to
all brightfield interferometric modalities.

iSCAT could provide ultrahigh sensitivity with the uti-
lization of effective background suppression, and has en-
abled a broad range of applications in fundamental sci-
ence and technology. It has been employed for track-
ing single nanoparticles [17-19], detecting single proteins
[20, 21] and their masses [22], probing the dynamics of
biological membranes and ion channels [23, 24], visualiz-
ing chemical reactions [25], and monitoring carrier migra-
tion in optoelectronic materials [26, 27]—achievements
largely facilitated by dynamic background subtraction
that isolates the signal of interest. However, even in
such cases, the PSF often exhibits distortions and asym-

metries, especially in high-numerical-aperture (NA) sys-
tems where evanescent components possess distinct phase
responses from propagating ones at the interfaces [28]
and where optical aberration are pronounced [29]. The
challenge becomes more acute for stationary specimens,
where speckle backgrounds arising from substrate rough-
ness [30] cannot be removed via dynamic subtraction.
As a result, direct wide-field optical detection of immo-
bilized nanoparticles below 20 nm remains difficult for
iSCAT [31-33] and other wide-field optical microscopy
techniques [34-36]. Yet, such static detection is of great
interest, for instance, for high-throughput semiconductor
wafer inspection [37, 38|, contamination detection in pho-
tonic circuits [39, 40], and biomolecular assays on func-
tionalized templates [41].

Inspired by recent advances in adaptive optics [42], we
here introduce and experimentally demonstrate the con-
cept of phase synchronization for all scattering compo-
nents on the Fourier plane to enhance iSCAT. In wide-
field iISCAT, the scattering components occupy the en-
tire Fourier plane, while the reference appears as a sin-
gle bright spot. Through phase synchronization, all
Fourier components of the scattering—both within and
beyond the critical angle in high-numerical-aperture mi-
croscopes—are aligned to share a uniform phase dif-
ference with the reference beam. Instead of conven-
tional spatial phase modulators [42-44] based on pixe-
lated or segmented elements, we employ a photothermal
phase plate (PT-PP) driven by a scanning heating laser
to achieve seamless, on-demand phase synchronization.
We demonstrate that the iSCAT PSF can be optimized
to possess near-perfect circular symmetry, tighter focus
with 50% enhancement of the interference contrast, and
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FIG. 1. (a) Schematic of the experimental setup. (b) Struc-

ture of the photothermal-phase plate (PT-PP) and the illus-
tration of the light-absorption induced temperature change
AT. Calculated phase profiles on the Fourier plane (¢r)
for a typical iSCAT system with an aberration level of 0.47
under (c) linearly and (d) circularly polarized illuminations.
(e) Phase profile with all scattering components synchronized
(¢ = m). The white-dashed and central green circles in
(¢c), (d) and (e) denote NA = 1.0 and the reference, respec-
tively. (f), (g) and (h) Calculated iSCAT PSFs based on
the phase profiles in (c), (d) and (e), respectively. (i) and
(j) are the PSFs with ¢r = 0 and m/2, respectively. Az
in (f)~(j) are chosen to obtain the maximum contrast. (k)
Contrast evolutions with the defocus for (f)~(j). PBS: polar-
ized beam splitter, QWP: quarter-wave plate, DM: dichroic
mirror, BFP: back focal plane, PDMS: polydimethylsiloxane,
SPF: short pass filter, AOD: acoustic optical deflector, RF:
radio frequency.

effective suppression of speckle background. The result-
ing enhancement permits robust detection of immobilized
nanoparticles as small as 10 nm that would otherwise re-
main obscured by speckles.

iSCAT images the interference between a reference
field E, and scattering field E;. For |E,| > |Es|, the

interference contrast can be given as
¢~ 2|E;/E;|cos AD (1)

where A® is the phase difference between the two fields.
In a typical wide-field configuration, the reference field
can be approximated as a planewave at normal incidence.
E is linked to the electric field in Fourier plane Er ac-
cording to

E (z,y) = % / Er(ky, ky, Az)etFemthoy) df dk, (2)

where k, = kozy/ fo and ky = koyn/ fo are the normalized
Fourier components with fo, ko and (a1, ys) being the
focal length of the imaging lens, wavenumber in vacuum,
and the coordinate at the conjugated back focal plane
(BFP) of the microscope system,respectively. As shown
in FIG. 1(a), Az is the defocus, i.e., the distance from
the focus. Er can be expressed as

EF(kz,ky,AZ) _ Ap(kz,ky)ei[(bF(k“ky)JrnkoAzcos0] (3)

where Ap(kz,ky) and ¢w(ks, ky) are the wavevector-
dependent amplitude and phase of Er for Az = 0, re-
spectively. The second term nkoAzcos6 is the phase
acquired when there is a nonzero Az with n being the
refractive index of media between the sample and objec-
tive (e.g., immersion oil) [45]. Here 6 is related to the

Fourier component through nsinf = M, /(k2 + k2)/ko

with M being the magnification of the imaging system.
For clarity, let us consider the situation where the im-
age center is at * = 0 and y = 0. |Ep| reaches the
maximum, when ¢p(ks, k) for all (k;, k,), including

M/ (k2 + k2)/ko > 1, is synchronized to a constant ¢p.

The iSCAT PSF can, in fact, be manipulated by adjust-
ing ¢r. For instance, ¢p = 0 or 7 provides the maximum
interference peak or dip with the tightest PSF achievable
for a given optical imaging system. Of particular interest
here is the case of ¢p = 7/2, which makes that the in-
terference contrast is anti-symmetric with respect to the
defocus, i.e., ¢(Az) = —c(—Az). This arises because the
phase contribution nkgAz cos is an odd function of Az,
yielding A®(Az) + A®(—Az) = 7 for all §. The prop-
erty can be utilized to suppress the speckle background
arising from sub-nanometer surface undulations [30, 46].

In practice, ¢r(ky,ky) is highly inhomogeneous in
high-NA imaging systems and in systems subject to aber-
ration. FIG. 1(c) displays ¢r(ky, ky) for a typical iSCAT
system with NA = 1.35 and an aberration level of 0.47
(0.2)\), illustrating severe phase nonuniformity. The cen-
tral small green spot denotes the phase of the reference.
The white-dashed circle indicates NA = 1.0, correspond-
ing to the critical angle of the air-glass interface. Beyond
NA = 1.0, ¢r(ky, ky) is distinct from those within the
dashed circle due to the abrupt change of the transmis-
sion coefficient from the propagating to the evanescent



Fourier components. As shown in FIG. 1(d), the magni-
tude of this phase nonuniformity decreases partly when
the illumination polarization is changed from linear to
circular. The situation with the scattering phase syn-
chronized to ¢g(ks, k,) = 7 for the circular-polarization
illumination is depicted in FIG. 1(e). FIG. 1(f)~1(h) dis-
play the calculated real-space iSCAT PSF's corresponding
to FIG. 1(c)~1(e), respectively. Note that here in each
case the defocus Az is adjusted to generate the maxi-
mum interference contrast. One sees that from left to
right, the PSFs become tighter and more circularly sym-
metric. Comparing FIG. 1(f) and 1(h), the interference
contrast is increased by 61%. FIG. 1(i) and 1(j) show
the calculated real-space iSCAT PSFs with the phase
synchronized to 0 and 7/2, respectively. As expected,
both the iISCAT PSF's have perfect circular symmetry,
and the case of ¢p(kg, ky) = 0 provides the maximum in-
terference peak. A more symmetric and sharper PSF is
favorable for tracking single nanoparticles with high pre-
cision. The evolutions of the interference contrast over
the defocus are illustrated by the color-coded traces in
FIG. 1(k). Intriguingly, for the case of ¢r(ky,ky) = m/2
(the red curve denoted by j), the interference contrast
exhibits a perfect anti-symmetric dependence on the de-
focus.

As shown in FIG. 1(a) and 1(b), to implement phase
synchronization, we employ a PT-PP and a heating laser
(A =520 nm) in combination with two orthogonal acous-
tic optical deflectors (AODs). As depicted in FIG. 1(b),
the PT-PP consists of two glass plates sandwiching a
1-mm-thick polydimethylsiloxane (PDMS) layer embed-
ded with 50 nm gold nanoparticles (GNPs) [47, 48]. The
GNPs absorb light from the focused heating laser and in-
crease the local temperature of the PDMS. This leads to
a decrease in the local refractive index, causing a change
to the phase of the iSCAT probe beam. As shown in
FIG. 1(a), a periodic two-dimensional (2D) scan of the
heating beam on the conjugated BFP (i.e., Fourier plane)
allows an on-demand profile of the phase change. With
the power of the heating laser fixed, its dwell-time on
each position controls the phase change.

The heating laser has a spot size of 0.18 mm (FIG. S5
[48]) and induces phase changes over a finite area on the
PT-PP. As depicted in FIG. 2(a), we experimentally mea-
sured such “PSF” by applying an interferometric tech-
nique [49]. The “PSF” shows a much larger range than
the laser spot due to balanced heat conductance and dis-
sipation. For a prescribed laser pattern, the phase-change
profile is the convolution of the laser pattern with the
phase-change “PSF”. In our experiment, the conjugated
BFP has a diameter of 4.05 mm. We use a circular region
of the PT-PP with a diameter of 4.7 mm enclosing the
conjugated BFP and define a pixel size of 0.1 mmx0.1
mm. We first obtain the target profile of the phase change
as shown in FIG. 2(b) to realize a phase synchronization
of ¢ = m/2 for a point scatterer lying on the substrate
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FIG. 2. (a) Measured normalized profile of the photothermal
phase change due to a single heating laser spot. (b) Target
profile of the phase change for achieving phase synchroniza-
tion ¢ = 7/2 for a point scatterer on the coverslip surface.
(¢) The dwell-time distribution of the heating laser. (d) Mea-
sured profile of the photothermal phase change.

surface. By applying an iterative process (Supplementary
Section S5 [48]) and considering the deflection efficiency
of the AODs (FIG. S6 [48]), we obtain the dwell time
of the heating laser for each pixel as displayed in FIG.
2(c). One complete 2D scan takes 36 ms, which is less
than 1/30 of the response time of the PT-PP (FIG. S7
[48]) and thus ensures a quasi-static phase change pat-
tern (Supplementary Section S4.3 [48]). FIG. 2(d) shows
the measured profile of the phase change, consistent with
the target profile (FIG. 2(b)).

For iSCAT imaging, we apply circular-polarization illu-
mination (A = 490 nm) with a polarization beam splitter
(PBS) and a quarter-wave plate (QWP). The scattered
light and the reflected illumination (as reference) are col-
lected through an oil-immersion objective (NA = 1.35)
and pass through the conjugated BFP. FIG. 3(a)~3(e)
display the iSCAT contrast images of a 40 nm GNP with-
out the phase synchronization at defocus positions of Az
= -1.0 pm, -0.6 pm, -0.2 pm, 0.2 pm, and 0.6 pum, re-
spectively. These images exhibit distorted patterns with
the evolution of the defocus and poor circular symmetry
in general. Phase synchronization on the Fourier plane
optimizes the PSF. The target profile of the phase change
includes two parts, namely, the part to correct the phase
nonuniformity in an ideal high-NA system and the part
to correct the optical aberration of the imaging system.
While the former part can be calculated [45] (FIG. S1
[48]), the latter part requires delicate experimental char-
acterization. We use Zernike polynomials z*(p, 0) to de-
compose the aberration [50] and experimentally deter-
mine the coefficients of each order (n, m) for the terms up
to n = 6 as described in Supplementary Section S6 [48].
Our study shows that the primary astigmatism (23 and
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FIG. 3. Measured iSCAT contrast images for a 40 nm GNP
on a glass coverslip when Az is (a) -1 um, (b) -0.6 um, (c)
-0.2 pm, (d) 0.2 pym, and (e) 0.6 pm with no phase synchro-
nization. (f) Position localization uncertainties of the GNP
at varied defocus in the range of -1 pm to 1 um. (g)~(1) rep-
resent the same as in (a)~(f) with phase synchronization.

2z, %) and spherical aberration (z}) are the major terms in

our imaging system (FIG. S12 [48]). Their correspond-
ing coefficients are determined to be 0.34x, -0.157, and
-0.41m, respectively. The resulting target profile of phase
change is displayed in FIG. 2(b) (with Zernike polynomi-
als up to n = 6). FIG. 3(g)~3(k) show the iSCAT con-
trast images after phase synchronization for the same 40
nm GNP at defocus positions of Az = -1.0 pym, -0.6 pm,
-0.2 pm, 0.2 pm, and 0.6 pum, respectively. The iSCAT
PSF exhibits much better circular symmetry and tighter
focus at Az = - 0.2 pm, which increases the interference
contrast from -0.11 in FIG. 3(c) to -0.18 in FIG. 3(i), i.e.,
over 50% enhancement. Moreover, the improvement of
the PSF leads to a better precision in particle localiza-
tion, reducing the localization uncertainty [51] from (5.1
nm, 1.2 nm) to (1.2 nm, 0.8 nm) in (z,y) directions, as
shown in FIG. 3(f) and 3(1), respectively.

We set the synchronized phase difference to ¢p = /2
to utilize the property of anti-symmetric contrast evolu-
tion with the defocus. The sub-nanometer surface un-
dulations of a polished substrate can be considered as
a collection of point scatterers lying on a perfectly flat
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FIG. 4. (a) iISCAT contrast images at varied defocus values for
a 40 nm GNP on a coverslip after phase synchronization. (b)
iISCAT contrast as a function of Az at the positions denoted
by the two arrows. Dashed and solid lines denote before and
after phase synchronization, respectively. (c) Contrast image
obtained by integrating the iSCAT contrast in (a) over Az =
-0.5 pm to 0.5 pm. (d) Histogram of the SBR enhancements
by phase synchronization and defocus integration obtained
from measuring 61 individual 40 nm GNPs. (e) iSCAT con-
trast images for an area of a coverslip spin-coated with 10
nm GNPs. (f) Contrast image obtained after integrating the
contrast images in (e) over the defocus. The 10 nm GNPs
become clearly visible.

substrate surface [30], which produce speckles in the con-
trast image. We thus expect that the contrasts of the
speckle background exhibit the anti-symmetric property
as shown by the red trace in FIG. 1(k). We have recorded
51 iSCAT contrast images as the defocus Az changes
from -0.5 pm to 0.5 pm at a step of 20 nm as illustrated
in FIG. 4(a). The inset at the right bottom corner of
FIG. 4(a) displays the speckle background (enlarged by
10 times for clarity). The color-coded solid lines in FIG.
4(b) plot the contrast as a function of Az for two points
indicated by the arrows in the speckle region. The dashed
lines are the plots of the iISCAT contrast with no phase
synchronization. Clearly, the solid traces exhibit an anti-
symmetric dependence on the defocus. The scattering
phase of the 40 nm GNPs at the BFP with Az = 0 cor-
responds to 0.877 after the synchronization due to the



complex permittivity of gold (e¢ = —2.1+4.1¢ [52]) and
their size (FIG. S2 [48]). The contrasts from the GNPs do
not have the anti-symmetric dependence on the defocus.
Thus, an integration of the contrast over the defocus will
substantially diminish the speckle background but retain
the signals from the GNPs. Consequently, enhancement
of signal-to-background ratio (SBR) could be achieved.
FIG 4(c) shows the contrast image obtained after the in-
tegration, showing successful suppression of the speckles.
To quantify the highly reproducible and effective speckle
suppression, we measured 61 GNPs (FIG. S16 [48]), and
FIG. 4(d) presents the statistics of SBR enhancements,
yielding a mean enhancement of 10.1 dB.

The effective suppression of the speckle background en-
ables the detection of substrate-adhered small nanopar-
ticles that are previously indecipherable in the speckle
background. We performed measurements on 10 nm
GNPs immobilized on a glass coverslip via spin coating.
The TEM image of the GNPs (FIG. S3 [48]) shows that
the GNPs have an average size of 9.6 nm with a standard
deviation of 0.9 nm. FIG. 4(e) shows the iSCAT con-
trast images of a sample on the coverslip, where the sig-
nals from the GNPs are not discernible from the speckle
background. In fact, our experiments and calculations
show that nanoparticles smaller than 17 nm are hardly
discernible from the speckle background (Supplementary
Section S8.4 [48]). FIG. 4(f) displays the contrast im-
age after the integration over the defocus, which clearly
shows three 10 nm GNPs on the surface with SBRs over
9 dB.

We have introduced and experimentally demonstrated
the concept of Fourier-plane phase synchronization for
interferometric scattering microscopy. By combining a
photothermal phase plate with a scanning heating laser,
we achieve on-demand phase synchronization in practical
high—NA microscopy systems subject to aberrations. The
realized phase synchronization substantially improves the
PSF, yielding near-perfect circular symmetry and over
50% enhancement in interference contrast, which in turn
enables more precise localization of single nanoparticles.
Moreover, by locking the phase difference to w/2, we ef-
fectively suppress speckle backgrounds through defocus
integration, achieving an SBR improvement exceeding
10 dB and allowing the detection of 10 nm immobilized
particles on glass substrates. Beyond this technical ad-
vancement in iISCAT, our method provides a conceptually
transferable framework for real-time phase control on the
Fourier plane in optical microscopy. The integration of
photothermal modulation with Fourier-plane phase en-
gineering could further benefit super-resolution imaging,
adaptive optics, and wavefront shaping in complex me-
dia. We anticipate that the concept and technique of
dynamic seamless phase synchronization will serve as a
valuable asset for a broad class of optical microscopy
modalities.
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