PHYSICAL REVIEW LETTERS 129, 213201 (2022)
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Detection with Angstrom-Level Precision
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We report that flat substrates such as glass coverslips with surface roughness well below 0.5 nm feature
notable speckle patterns when observed with high-sensitivity interference microscopy. We uncover that
these speckle patterns unambiguously originate from the subnanometer surface undulations, and develop
an intuitive model to illustrate how subnanometer nonresonant dielectric features could generate
pronounced interference contrast in the far field. We introduce the concept of optical fingerprint for
the deterministic speckle pattern associated with a particular substrate surface area and intentionally
enhance the speckle amplitudes for potential applications. We demonstrate such optical fingerprints can be
leveraged for reproducible position identification and marker-free lateral displacement detection with an
experimental precision of 0.22 nm. The reproducible position identification allows us to detect new
nanoscopic features developed during laborious processes performed outside of the microscope. The
demonstrated capability for ultrasensitive displacement detection may find applications in the semi-
conductor industry and superresolution optical microscopy.
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A substrate, such as a coverslip or wafer, is an indis-
pensable component of any modern optical microscope.
The interaction between the substrate and sample naturally
imprints the substrate’s signatures into the observations.
The substrate’s influence is especially pronounced in
interference microscopes, including the phase-contrast
microscope [1], holographic microscope [2], Nomarski
microscope [3], and interferometric reflection microscope
[4]. In particular, the interferometric scattering microscopy
[5-8], as a recently established ultrasensitive imaging
modality, directly relies on the interference between the
reflected (or transmitted) field from the substrate surface
and scattering of the sample. In principle, the inclusion of
the substrate’s influence would not pose a problem as long
as its topography and material are precisely known. Thus,
typical microscope substrates used in the laboratory, such
as glass coverslips, have been made extremely flat, often
with surface roughness well below 0.5 nm [9]. However,
even employing such flat substrates, images obtained in
interferometric scattering microscopy still exhibit seem-
ingly mysterious “random” speckle patterns, which have
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been speculated to originate from combined effects of
uncontrollable imperfections including uneven illumina-
tion, glass inhomogeneity, surface roughness, dust, or stray
light in the setup [6,10-12]. The speckles set a lower limit
for the size of detectable scatterers. While this limit can be
partially bypassed in dynamically developing situations
such as binding of proteins to the substrate where sub-
sequent subtractions are applicable [13—16], the origin,
influences, and implications of the speckle background
have been poorly explored, and it remains challenging to
detect stationary nanoscopic scatterers on the substrate
despite their clear visibility under an atomic force micro-
scope (AFM).

Here, we unambiguously uncover that the dominant
source of the speckles is the subnanometer undulations
of the substrate surface. We develop an intuitive physical
model to illustrate how subnanometer nonresonant dielec-
tric surface undulations could generate pronounced inter-
ference contrast in the far field. We introduce the concept of
optical fingerprint for the deterministic speckle pattern
associated with a particular substrate surface area. We
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FIG. 1. (a) Schematic of the experimental setup and the sample
consisting of individual GNPs on a glass coverslip. A partial
beam block (PBB) could be inserted to the back-focal plane
(BFP). (b) Interference contrast image of the sample. Signals of
the GNPs are labeled and enlarged on the right. (c) AFM
topographic image of the same area of (b) with close-up images
of the GNPs on the right. (d) A histogram of measured
interference contrasts from 52 GNPs on the same coverslip.
The solid and dashed lines denote the relative probability
distributions of the calculated contrasts with and without surface
roughness considered, respectively. Scale bars: 1 pm (black),
100 nm (white).

demonstrate its applications for reproducible position
identification and marker-free lateral displacement sensing
with a precision of 0.22 nm. The position reidentification
enables the detection of newly added nanoscopic features
with ground-truth positions in the substrate. Lateral dis-
placement sensing is crucial for a broad range of applica-
tions, including the localization of nanofluorophores in
superresolution microscopies [17-19], and precision align-
ment of wafers during the multistep nanofabrication
processes in the semiconductor industry [20,21].

A schematic of a wide-field interferometric scattering
microscopy setup is shown in Fig. 1(a). A pulsed laser
centered at 545 nm with a spectral width of 20 nm is
launched into an oil-immersion objective (NA = 1.35) to
illuminate the sample comprising a scattering specimen,
such as single gold nanoparticles (GNPs), on a glass
coverslip [22]. The scattering from the GNPs and the
reflected illumination at the glass-air interface are collected
by the microscope objective and imaged on the camera in a
common-path interference arrangement. The interference
contrast is defined as ¢ = I,/I, — 1, where I, in principle is
the reflection intensity from an ideally flat glass-air surface

without the sample while /, is the reflection intensity from
the real interface with the sample. In practice I, is
approximately obtained with diminished influences from
substrate surface roughness [22]. Figure 1(b) displays the
contrast image of the sample containing five isolated GNPs
as indicated by the destructive interference dips. Magnified
views of the dips are shown on the right. Figure 1(c)
exhibits the AFM topographic image of the same sample
area [22]. Contrary to the contrast image containing
pronounced speckle patterns, the AFM image is extra-
ordinarily clean with only the five GNPs observed in
Fig. 1(b). From close-up images on the right of
Figs. 1(b) and 1(c), for GNPs indexed from 1 to 5, the inter-
ference contrasts of —2.10%, —1.40%, —1.34%, —1.47%,
and —1.60%, and the corresponding heights of 16.4, 17.0,
17.2,17.8, and 18.1 nm, have been recorded. Since the vast
majority of the GNPs are round in shape, the measured
heights should represent the diameters. One thus observes
that the measured contrast does not correlate to the GNP
size according to the theory which predicts the contrast
is proportional to the diameter in the third power [6,7].
In particular, GNP No. 1 has the smallest diameter but
possesses the greatest contrast. A batch of 52 GNPs has
been measured via both AFM and interferometric scattering
microscopy [22] and a histogram of the interference
contrasts is depicted in Fig. 1(d). The dashed line denotes
the relative probability distribution of the calculated con-
trasts for the 52 GNPs on a perfectly flat coverslip [22,23].
While the averaged contrasts between the calculations and
measurements agree, the measured contrasts feature a much
broader distribution. The phenomena of the abnormally
broad contrast distribution in Fig. 1(d), the speckle patterns
in Fig. 1(b), and the unexpected size-contrast correspon-
dence are intriguing and remain poorly understood.

To understand these phenomena, we scrutinize the
situation of a bare glass coverslip. With delicate calibra-
tions of the AFM measurements [22], we manage to
faithfully measure the coverslip surface topography with
a height resolution better than 0.1 nm. Figures 2(a) and
2(b), respectively, display the measured topographic and
interference contrast images for the same coverslip area.
The coverslip is impressively flat with a roughness of only
0.27 nm (rms). Conversely, the optical image exhibits a
contrast amplitude of about 1.2%, which is comparable to
that of a 15 nm-diameter GNP. It seems counterintuitive
that a nonresonant dielectric surface with undulations of
only 0.27 nm could generate such pronounced far-field
interference contrast. A closer examination of Fig. 2(a)
reveals the possible origin, i.e., the subnanometer undu-
lations occur unevenly with some domains possessing more
peaks than dips or vice versa, creating “hill” or “valley”
domains laterally extending hundreds of nanometers.
Considering such lateral scales, the hill or valley domains
may effectively represent scattering volumes comparable to
10-20 nm-diameter nanoparticles, resulting in similar-level
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FIG. 2. (a) AFM topographic image and (b) measured inter-
ference contrast image for the same coverslip area. (c) AFM
image in (a) processed with a low-pass filter. (d) Simulated
interference contrast based on (c¢). (¢) Schematics of the induced
dipole model and the distribution of the polarizability that is
normalized by the absolute value of a 15 nm GNP. (f) Calculated
interference contrast image based on the induced dipole model.
Scale bar, 500 nm.

interference contrasts. To examine the hypothesis, the raw
AFM image is processed with a low-pass filter (LPF) by
removing spatial frequencies over k.= 2z/(100 nm),
yielding the image of Fig. 2(c). Indeed, hills and valleys
emerge in terms of domains extending hundreds of nano-
meters laterally. The LPF processing facilitates rigorous
numerical calculations of the scattering by surface rough-
ness with an affordable computational demand. We employ
the finite-element method (FEM) with a multiscale mesh-
ing scheme to resolve the subnanometer surface undula-
tions in an area of 2 um X 2 pm [22], and compute the
interference image based on a full-wave electromagnetic
theory [23,32-35]. Figure 2(d) presents the directly

calculated interference contrast image based on the LPF-
processed surface topography in Fig. 2(c) under the plane-
wave illumination. Imperfections such as the aberrations of
various optical elements (including the microscope objec-
tive) have not been taken into account. The calculated
contrast image agrees well with the measured one shown in
Fig. 2(b) not only in the speckle pattern but also in the
contrast levels. These results unambiguously demonstrate
that the coverslip surface with subnanometer roughness
predominately generates the speckle contrast pattern.

The calculated contrast pattern is robust against the
choice of k, if k. > NA x ky, with k, being the vacuum
wave number [22]. This is understandable because NA x
ko is the lateral wave number achievable by our optical
system. This observation leads us to draw an induced
dipole model. As depicted in Fig. 2(e), we divide the
surface area in Fig. 2(a) into 12 x 12 grids and approximate
each grid as an electric dipole induced by the illumination.
Then we consider each grid as a dipolar scatterer with a
polarizability a; = (e, —€,)V;, where ¢, and ¢, are the
dielectric permittivities of glass and vacuum, respectively.
V, is the volume of the ith domain as V; = //SihdS with &

being the measured height,which encodes the information
of local surface topography into the dipole. Apparently, the
“hills” give positive V; while “valleys” possess negative V.
Figure 2(e) displays the distribution of the dipoles’ polar-
izabilities normalized by the absolute polarizability of a
15 nm-diameter GNP, which varies from —1.1 to 1.1,
consistent with our estimations. The contrast image calcu-
lated from the induced dipole model [22] is displayed in
Fig. 2(f) and closely matches the pattern shown in Fig. 2(d).
This picture enables us to explain the experimental results
in Figs. 1(b) and 1(d). The GNPs reside above different
locations of the coverslip, i.e., induced dipoles of various
polarizabilities [Fig. 2(e)]. The superposition of the induced
dipoles from the GNP and the rough-surface domain
beneath gives the total dipole that varies with location.
This explains the previously observed unexpected GNP
size-contrast correspondence. We have simulated a 17.3 nm
GNP (average size from measurement) at various locations
of the substrate through FEM simulations [22] and pre-
sented the relative probability distribution of the calculated
contrasts in a solid line in Fig. 1(d), which nicely agrees
with the measured histogram.

Our findings illustrate that an ultraflat substrate surface
area with roughness well below 0.5 nm does not possess
translational invariance and instead features a deterministic
speckle pattern serving as its optical fingerprint. In the
following, we show that the optical fingerprints can be
enhanced and leveraged for lateral position and displace-
ment sensing with subnanometer precisions. Under wide-
field illumination, the scattering and reference beams are
spatially separated at the back focal plane (BFP) and thus
the reference can be selectively attenuated by a partial beam
block (PBB) [Fig. 1(a)] to enhance the interference contrast
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FIG. 3. Interference contrast images for the same coverslip area
(a) before and (b) after spin coating 5 nm GNPs. A PBB is placed
at the BFP to amplify the contrast. (c) Normalized cross-
correlation between image (a) and image (b) as a function of
lateral displacement (Ax, Ay). The white dot and black cross
denote zero displacement and a displacement of (Axg, Ayy) =
(—166.8 nm, —90.4 nm) giving the maximum correlation.
(d) Contrast image obtained from subtracting (a) from (b) dis-
placed by (Axg, Ayy). The dashed circles indicate the point
spread function of a 5 nm GNP. Scale bars, 500 nm.

[36-40]. In our experiment, the PBB is a 1 mm-diameter
thin metal film (10 nm Ti\110 nm Au) on a glass plate and
amplifies the interference contrast by nearly 20 times [22].

To demonstrate reproducible lateral position identifica-
tion, we perform microscopy measurements on a new glass
coverslip and record its contrast pattern (contrast PBB-I) as
in Fig. 3(a). Next, we remove the coverslip from the setup,
immobilize individual 5 nm GNPs to it via spin casting the
colloidal solution, and then remount it back to the micro-
scope. While the axial focus can be readily recovered,
laterally the coverslip can only be coarsely adjusted to the
original position by inspecting the wide-field image. The
measured interference contrast image (contrast PBB-II) is
displayed in Fig. 3(b). There are two features apparent from
the comparison of Figs. 3(a) and 3(b), i.e., (i) the two
patterns are nearly identical except for a lateral displace-
ment; (i) there is no indication in contrast PBB-II sug-
gesting any GNP immobilized on the substrate. We
evaluate the cross-correlation between contrast PBB-I
and PBB-II as a function of lateral shift (Ax, Ay) accor-
ding to oxc(Ax, Ay) = (ci(x,y)en(x + Ax.y + Ay))/
V{3 (x,y))(ch(x,y)), where (---) represents the integra-
tion about (x,y) over the area while ¢; and ¢y denote
contrast PBB-I and contrast PBB-II, respectively. The

calculated correlation shown in Fig. 3(c) features a sym-
metric elliptical peak. By fitting the peak with a two-
dimensional Gaussian function, we determine its center at
(Axg, Ayy) = (—166.8 nm, —90.4 nm) with standard devi-
ations of (0.53 nm, 0.43 nm) [22,41], which is the lateral
displacement of the coverslip in Fig. 3(b) with respect to
Fig. 3(a). With the known displacement, we align the
sample back to its original position and obtain the differ-
ence between aligned contrast PBB-II and contrast PBB-I
shown in Fig. 3(d). The resulting pattern shows two
symmetric interference rings highlighted by the dashed
circles and allows the localization of newly immobilized
nanoscopic feature with the ground-truth position of the
substrate indicated by the speckles. We identify a 5 nm
GNP on the substrate, whose signal is about 30 times
smaller than the speckle background. The unprecedented
observation is further supported by additional correlated
optical and AFM topographic measurements [22]. We note
that previous reports of detecting similar or smaller
particles were performed in a solution environment and
in dynamically developing situations where sequential
subtractions of acquired images can be applied within
short temporal delays to reveal changes due to each particle
binding.

Next, we demonstrate the fingerprints of the substrate
allow for ultrasensitive lateral displacement detection. As
sketched in Fig. 4(a), we image a 9 pm x 9 pm area of a
glass coverslip when it is stepwise displaced using a
closed-loop piezo-nanopositioner (P-621.2CL, Physik
Instrumente). We divide the imaged area into nine regions
(see the symbols) of the same size, which show very
different and mutually uncorrelated speckle patterns [see
Fig. 4(a)]. For every step, speckle patterns of each region at
the two time stamps are cross-correlated to evaluate the
displacement. The cross-correlation profiles are unique for
each region [22]. Thus, they constitute a collection of nine
independent and simultaneous realizations of optical dis-
placement detection for the same move. To benchmark the
optically detected displacements, we collect the real-time
readings of the capacitance probe of the nanopositioner
[22]. As shown in Fig. 4(b), while the nanopositioner
remains stationary for 30 sec, the readings from the
nanopositioner (averaged in 3 sec) and the optically
detected displacements both reside around zero displace-
ments with standard deviations of 0.18 nm and 0.27 nm,
respectively. The results indicate good stability of our
homebuilt microscope as well as the performance of the
piezo-stage position readout. Therefore we argue that, any
other uncontrolled displacement of the sample is negligible
at the time scales of the experiment and any move of the
coverslip will be due to the nanopositioner. Figure 4(c)
summarizes the measurements with color-coded symbols
for the situation when the nanopositioner is actuated to
move in a stepwise manner in both x and y directions (step
size: 4 nm in each direction). The color scale indicates the
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FIG. 4. (a) Ilustration of the procedure for lateral displacement
detection and benchmark (see text). Symbols in the contrast
image denote the various regions. (b) Displacements from read-
ings of nanopositioner and from optical fingerprints of the entire
area and various regions when the nanopositioner is kept still.
(c) Measured displacements when the nanopositioner is actuated
to stepwisely (4 nm) move in each direction. Symbols in the solid
circles are the close-up views of the data points and the circles
have the radii of 0.5 nm.

elapsed time. Six of the data points are enlarged as the
insets, where the solid circles have the radii of 0.5 nm. All
the averaged readings of the nanopositioner exhibit excel-
lent agreement with the optically detected displacements.
Crucially, independent optical displacement evaluations
denoted by various symbols give the same moving trajec-
tory and the standard deviation of the independent real-
izations for the 15 measured steps is 0.22 nm.

Lateral displacement sensing promises a range of
important applications including precision alignment for
wafer nanofabrication in the semiconductor industry.
Existing approaches rely on optically detectable markers
such as nanoantennas or inscribed nanostructures with a
possible combination of vector beam illumination [42-51].
Our scheme is marker free, relies on naturally existing
substrate roughness, and operates under a simple wide-field
illumination. Light sources such as a diode laser could also
be used for illumination [22]. Thus, our technique should
be directly applicable for fine alignment for various types
of substrates. In particular, it potentially allows for com-
pensation of temperature-induced drift at any designated
position of a wafer-sized substrate [21] without the need for
any adjacent alignment markers.

We have uncovered that subnanometer substrate surface
undulations are the dominant source of the speckle back-
ground observed in high-sensitivity interference micros-
copy. We show the unevenly distributed subnanometer

roughness could give rise to an induced dipole comparable
to a 15 nm GNP. The induced dipoles with surface-
topography-encoded polarizabilities form the optical
fingerprint of the substrate surface, which can be repeatedly
identified and localized in experiments. Moreover, the
speckle amplitudes can be enhanced to about 30% of the
reference field. These experiments vividly show how
subnanometer nonresonant dielectric features could gen-
erate prominent far-field optical responses. We have dem-
onstrate their potential applications for transverse position
and displacement sensing with angstrom-level precision.
The precise positioning of the substrate and the complete
recovery of the measured speckle pattern allowed us to
identify and localize nanoscopic features (with contrast
~1/30 of the speckle background) immobilized on the
surface during processes performed outside of the micro-
scope, which offers great flexibility and new possibilities
for the use of substrate in ultrasensitive detection. The
capabilities of marker-free precise alignment and localiza-
tion of immobilized nanometer features demonstrated here
are essential for a myriad of modern technologies spanning
from superresolution imaging to advanced nanofabrication
in the semiconductor industry.
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