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Optical Detection of Deeply Subwavelength Nanoparticles for Silicon Metrology
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We report on experimental detection of 10 nm Si nanoparticles on Si surface using spatial modula-
tion microscopy. We show that a simple optical layout with a galvo-mirror allows reliable detection of
9 x 10 nm Si nanocylinders with signal-to-noise ratio 4.6 when the wavelength is tuned to the spec-
tral range of direct-band optical transitions in silicon. We also show the possibility to use the spatial
modulation microscopy principles for nonabsorbing particles. We demonstrate successful detection of Si
nanocylinders down to 20 x 40 nm by scattered light (A = 680 nm) analysis. Our results pave the way to

an inspection method for semiconductor metrology.
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I. INTRODUCTION

Nowadays, the semiconductor industry is one of the
most rapidly developing areas. It implements the most
recent research results and cutting-edge technologies with
rigorous demands on the manufacturing process and qual-
ity control, including semiconductor metrology. Together
with advanced methods of device metrology at different
production stages [1], inspection of unpatterned wafers
now, as in the past, is a necessary part of the produc-
tion process [2]. Particles, including Si particles, generated
within the process equipment during mechanical and wafer
processing operations and adhered to the wafer surface can
cause defects responsible for a considerable part of yield
loss.

The current technology nodes in the semiconductor
industry impose stiff requirements on particle sizes because
even sub-10-nm particles can cause “killer defects.”
Change of a mainstream logic device architecture from
finFET to lateral gate-all-around coming in 2025 fur-
ther shrinks a critical particle size to 6 nm accord-
ing to the recent International Roadmap for Devices
and Systems (IRDS) [3]. Widely used industrial light-
scattering-based wafer scanners can hardly detect such
deeply subwavelength particles. Recent advances in opti-
cal design of scattering-based approaches allow the detec-
tion of 20 nm silicon nanoparticles on bare polished
Si wafers [4]. Further improvement in minimum detec-
tion size is limited by the V2 scaling of the scattering
cross-section o of the nanoparticle with its volume V.
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A number of lab-level methods of single nanoparti-
cle detection, including photothermal heterodyne imaging
[5], four-wave mixing microscopy [6,7], and interferomet-
ric cross-polarization microscopy [8,9], demonstrate the
detection of even 5-nm metallic nanoparticles experimen-
tally. However, most of them exploit a strong plasmon
resonance of metallic nanoparticles and are unlikely to give
measurable signals from silicon nanoparticles. A num-
ber of technical limitations, such as immersion objective
lenses, prevent its use in industrial wafer-level silicon
metrology. Thus, the development of advanced methods
for Si nanoparticle detection with sub-10-nm detectiv-
ity threshold applicable for the whole 300-mm wafer
inspection within reasonable measurement time is of great
importance.

Recently, we implemented nonlinear photolumines-
cence (PL) [10] and second harmonic generation (SHG)
[11] microscopy of ultrafine defects (nanohills) on a silicon
surface. The physical origin of contrast in PL microscopy
is related to weak enhancement of electric field of both
pump and PL. In the case of SHG microscopy the con-
trast is believed to rise due to symmetry restrictions
of surface SHG at certain configurations that should be
relaxed by surface defects. However, the limiting factors
for both methods were found to be (i) low overall opti-
cal response of silicon due to its indirect band structure
leading to a large radiative recombination time and low
surface/bulk nonlinear susceptibility, and (ii) extremely
low contrast of the signal from the subwavelength sili-
con surface defects against the background signal from
surrounding surface.

A good recipe for elimination of the background is
a differential measurement technique. Spatial modulation
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microscopy (SMM) realizes this simple idea with
periodical nanoparticle movement in and out of a laser
beam waist with corresponding small intensity change
measurement by a lock-in technique [12]. This princi-
ple allows the measurements of absorption cross-section
of a single metallic nanoparticle down to 5 nm in
diameter in transmission mode with different experi-
mental setup implementations [13—15], along with the
large extinction cross-section of carbon microparticles
[16]. Owing to its high sensitivity and potentially
high throughput, SMM 1is a promising candidate to
enhance the performance of traditional optical inspec-
tion tools, serving as an extension of laser scanning
microscopy.

However, up to now, there has been no research of SMM
applications to the detection of technologically important
nanoparticles, including silicon nanoparticles. In addition,
owing to its absorption-based nature, the possibility of the
detection of nonabsorbing scattering nanoparticles such as
polystyrene spheres used for calibration of industrial wafer
scanners [2] is unclear.

In this work, we report on experimental detection of sin-
gle 10-nm silicon nanocylinders on silicon surface with an
absorption-based SMM. We also show how the SMM prin-
ciples can be applied to the nonabsorbing nanoparticles.
We show, that SMM principles are potentially suitable for
industry-level silicon metrology and can be applied to the
far-field optical inspection of 300-mm pristine wafers with
reasonable throughput.
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I1. SPATIAL MODULATION MICROSCOPY OF
SUBWAVELENGTH ABSORBERS AND
SCATTERERS

The main idea of SMM is to scan the sample with simul-
taneous fast oscillation of the laser spot position at the
surface with the amplitude of the order of the spot size. The
reflected light power is then measured with photodiode and
lock-in amplifier at the oscillation frequency at every scan
step. This allows one to measure only the difference sig-
nal between the neighbor areas of the sample surface with
high signal-to-noise ratio (SNR) due to lock-in detection.
When the nanoparticle moves across the spot, it changes
the reflected intensity due to absorption or scattering of
light.

In this section, we consider a small particle located at
point (x,,y,) on the surface of generally opaque medium
with reflection coefficient R [Fig. 1(a)]. The surface is
illuminated with a tightly focused Gaussian laser beam
with the total power P; centered at (x.,).), the intensity
distribution in the beam waist of width wy is

2Pi - cz+ - c2
I(x,y) = meXp <_2(x o wz()/ e ) (1
0 0

In a simple case when the particle’s absorption domi-
nates over scattering [12—15], the reflected beam power P,
modified by the presence of the particle is

Pr == PO - Gal(xp’yp)a (2)

P (t) (arb. units)
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t (119

(a) Schematics of the deeply subwavelength particle under the focused laser beam. Red lines show the incident (and reflected)

beam profile, the black line shows the distribution of intensity in the focal plane. The particle at x,, absorbs or scatters incident light,
corresponding scattered spherical wavefronts are shown with green dashed lines. Periodical movement of the particle leads to small
periodic variation of the reflected power and/or the part of the total power result from the interference between scattered and reflected
light. (b) One period of time-dependent part of the reflected beam power at different spatial modulation amplitudes (lock-in input).

064049-2



OPTICAL DETECTION OF DEEPLY SUBWAVELENGTH...

PHYS. REV. APPLIED 15, 064049 (2021)

where Py = RP; is the power of the beam reflected from
the clean surface and o, is the particle absorption cross-
section.

In order to detect such a small variation in reflected sig-
nal one can periodically change the position of the spot
center with respect to the particle (or visa versa), so the
difference (x, — x.) = asin(2nft) changes in time with
frequency f and amplitude a. This leads to modulation of
the power of the reflected beam

P.(t) = Py — 0,1 (x, + asin2nft),y,), 3)

that can be carefully measured with photodetector and
lock-in amplifier locked to modulation frequency. Time
dependence P,(f) is determined by the amplitude of spa-
tial modulation a. In the case a <« wy one can expand (3)
in Taylor series. First-order approximation of the time-
dependent part P, of the total reflected power [12]

0l (x,y)

ax

PZ (5, 3p, 1) ~ —ao, __sin@af) (@ < o)
Y=yp

(4)

is a simple sinusoidal function of time [Fig. 1(b)].

Taylor series expansion is not valid in a more general
case of larger spatial modulation, when the time-dependent
part P (#) is a complicated periodic function that should
be computed directly from (3) [Fig. 1(b)]. As lock-in mea-
sures the amplitude of the first harmonic, the output signal
is determined by the corresponding coefficient b of the
Fourier series expansion [14] of P,(f):

1/2f)
I(x, + asin(2nft),y,) sin(2wft) dt.

b(xp,yp) = 2f /;1/(21')
. (5)

In the case of nonabsorbing particles the particle extinc-
tion is determined by the scattering of light. Scattering
cross-section usually scales as a particle’s volume squared
[17], so that the detection of scattered light directly from
small deeply subwavelength particles is typically hard or
even impossible task for experiment. However, the situa-
tion can be greatly improved when detecting the interfer-
ence of scattered and reflected light. Indeed, the interfer-
ence signal is proportional to the electric field (i.e., square
root of intensity) of the scattered light and scales linearly
with the particle volume. For example, the 38-nm-diameter
polystyrene spheres were detected in liquid flow by inter-
ferometric detection of forward scattered light [18]. It was
shown [19,20] that this kind of interference can be analyt-
ically described under paraxial scalar approximation and
Rayleigh approximation for scattered electric field.

When observed from the point with polar angle 6 and
azimuthal angle ¢ far from focus (the origin is assumed

at the center of the beam waist, i.e., x. = y. = 0, focal
plane at z = 0), the intensity contains an interference term
81 caused by the particle at the point (x,,y,) of the focal
plane. The optical system used for focusing laser beam
converts this polar pattern to the corresponding distribu-
tion of intensity in its back focal plane. The specific pattern
of this intensity modulation is antisymmetric with respect
to the angle ¢:

2 , X4y
81(xy,yp) O(T(xp Cos @ + ¥, sSin @) exp -—F
,

0
(6)

Measuring the total power with a single photodetector as
in the previous case is equivalent to integrating 6/ over ¢
in a full range from 0 to 27 and cannot detect this kind
of interference signal. One can use a quadrant photodiode
[19,20] or just block a half of the reflected beam at the
back focal plane. In the latter case only half of the intensity
pattern is integrated by the detector and the corresponding
change in total power

™ 2 X2+ y?
8P(x,,y,) o / 81(xy,y,)dp o< ——2y, exp (—”—2" .
0 A @y

(N

Again, when the position of the particle in the focal
plane is periodically changed with respect to the spot cen-
ter, 8P is modulated in time. However, due to the lack of
axial symmetry of §P, the direction of the spot oscillation
matters. For example, with the bottom half of the beam
blocked, oscillation in x and y directions provides two pos-
sible unequivalent configurations (|| and L, respectively)
of scattering measurements:

N 2 (xp, +a sin2rff))* + y?
8P” (xp,Yp, 1) X szp exp (— w% P ’

2
SPT (X, yps 1) ¢ T”z(yp + asinQ2ufi)

( X+ 0p + asin(Zyrft))z)
xexp|— .

2
Wy

®)

The lock-in output is determined by the Fourier expansion
coefficients
1/f)
<SPHN’L (xp,yp, 1) sSin(2rfi) dt,
1/2f)
)

The SMM “image” of the particle is determined by the
spatial dependence of the expansion coefficients 4 and
can be obtained by changing x,,y,, i.e., by step-by-step
scanning of the sample.

by L(p,p) =2f /

064049-3



ANTON SOFRONOV et al.

PHYS. REV. APPLIED 185, 064049 (2021)

II1I. IMPLEMENTATION OF SPATIAL
MODULATION MICROSCOPY OF SILICON
NANOPARTICLES

A. Samples

We study a commercially produced polished (001)
p-Si wafer (doping level 1 x 10'® cm™) with nanoparti-
cles at the surface. Cylindrical nanoparticles are patterned
on the wafer surface using electron-beam lithography and
subsequent plasma etching. We have two samples with
different heights of nanocylinders above the silicon sur-
face and different diameters: the first with nanocylinders
of height # = 20 nm and diameters D ranging from 200
to 40 nm and the second with nanocylinders of height
h = 9 nm and diameters ranging from 30 to 10 nm. In dif-
ferent patterned areas of both samples the distance between
individual nanocylinders ranges from 1 to 10 um. The size
and shape of nanoparticles are controlled with scanning
electron microscopy and atomic force microscopy. The
roughness of the wafer surface without the nanocylinders
is 0.2 nm root mean squared.

The studied nanocylinders are shown in the inset of
Fig. 2(c). Owing to the indirect band structure, the contri-
bution of the electron interband transitions to the complex
dielectric constant of silicon varies by orders of magnitude.
The fundamental absorption coefficient rises from approx-
imately 10-100 cm~' at wavelength around A ~ 1 um

a
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GM driver
M2™ | v
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1 Y
T Lu
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] \_}
n out Controller
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Ref.

corresponding to the weak transitions to the indirect con-
duction band minimum, to approximately 10°~10° cm~! in
the range A ~ 0.4-0.35 wm when direct transitions in the
center of the Brillouin zone become possible. At the same
time, the real part of the dielectric constant changes only
by a factor of three. Therefore, the same silicon nanocylin-
der can exhibit predominantly an absorbing or scattering
particle behavior in different parts of visible-UV spec-
trum. Consequently, we can use the same samples to check
the performance of both absorption-based and scattering-
based SMM simply by tuning the wavelength to the desired
range.

B. Experimental setup

Figure 2(a) shows our implementation of the SMM
experimental setup. For easy spectral tuning, we use a fem-
tosecond optical parametric oscillator (OPO) coupled to
an Yb-doped solid-state ultrafast laser (150 fs, 80 MHz
TOPOL + TEMA series, Avesta Project Ltd.) as a laser
source for SMM experiments. Using additional custom
optical frequency doubler (based on second harmonic gen-
eration in BBO crystal) we implemented SMM measure-
ments in the spectral range from approximately 0.37 to
approximately 1 pum.

The oscillation of the spot can be organized in a num-
ber of different ways. We use the deflection of the laser

(b)

L3

J (arb. units)

FIG. 2. (a) Schematics of the experimental setup. (b) Beam deflection principle (angles are highly exaggerated). (c¢) Photocurrent
at deflection frequency when nanocylinder crosses the spot in the direction of deflection (y, = y.), measured data for 2 = 20 nm,
D = 40 nm nanocylinder at A = 370 nm (dots), and model (line). The inset shows the schematics of the samples studied in experiments.
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beam by a galvo-mirror located at the focus of the 4f
optical system coupled to the microscope objective. Laser
light from the OPO output passes the optional frequency
doubler and a pair of the Glan polarizers (GPs) for power
control. We keep the average optical power below 1 mW.
Two adjustment mirrors M1 and M2 direct the laser beam
to the telescope lenses L1 and L2 and then to the galvo-
mirror (GM). The GM is located in the focus of 4f system
formed by lenses L3 and L4 that directs the collimated
beam to the center of the entrance pupil of the infinity-
corrected 100x objective lens (numerical aperture NA =
0.8) under different angles corresponding to the different
rotations of the GM. An objective lens focuses the beam to
a nearly diffraction-limited spot at the surface of the sam-
ple mounted at XYZ piezostage. The beam angle change
at the back focal plane of the objective lens is converted
into the focused spot position change at the sample sur-
face. A schematic representation of the beam deflection is
illustrated in Fig. 2(b). Lenses L3 and L4 are selected to
achieve the desirable range of the amplitudes of spot move-
ment under the working range of GM rotations. Lenses L1
and L2 are selected to fit the beam diameter to the objective
lens aperture.

The reflected light is collected by the same objective
lens. The cube beamsplitter BS1 is used to measure the
average reflected beam power with a photodiode (PD). We
also align a CMOS camera with the second beamsplitter
BS2 and a tube lens for control of adjustment and sample
surface navigation.

For interference detection we can block the half of the
reflected beam in any place of the optical path between
BS1 and PD. We use a slit before the PD for scattering
measurements. The slit is adjusted in a such a way that one
of the slit’s blades blocks exactly one half of the beam.
With deflection in the horizontal direction, blocking the top

half of the beam corresponds to || configuration, whereas
blocking the left half of the beam corresponds to _L config-
uration. Absorption measurements are taken with the slit
fully open.

The function generator provides the control voltage for
the GM in the form of a sinusoidal signal at frequency
1 kHz. The component J of the photodiode photocur-
rent at the deflection frequency is measured by SR830
lock-in amplifier. Custom software controls the piezostage
movement for sample scanning and reading the lock-in
output. During the scan, we change the position (x,,),)
of the nanocylinder with respect to the center of the spot
(x¢,yc). Figure 2(c) shows the dependence of J on the rela-
tive nanocylinder position (x, — x.) along the direction of
deflection (with y, = y.) together with the nanocylinder-
related signal, background when nanocylinder is far from
the spot, and noise. The recorded SMM image is a two-
dimensional map of the photocurrent J (x,y) o o,b(x,y)
for absorption and J (x,y) o \/oby 1 (x,y) for scattering
measurements.

IV. IMAGING OF SILICON NANOCYLINDERS

Figure 3 shows registered experimental absorption
SMM images of nanocylinders in the form of dependen-
cies of the photocurrent J upon the relative positions of
the nanocylinder with respect to the center of the spot.

Figure 3(a) shows the absorption-related signal of the
smallest available nanocylinder with # =9 nm and D =
10 nm, measured in UV, whereas Fig. 3(b) shows signal
from the larger nanoparticle with # = 20 nm and D = 40
nm. Experimental images show a specific spatial profile
similar to spatial derivative of the intensity distribution
in the focal plane and agree well with a simulated image
plotted in Fig. 3(c).

(a) 9 x 10 nm (b) 20 x 40 nm (c) Model
—~ 20)0
0.2

g 0.2
= 00 0.0 0

'« 0.2 -0.2
> -2,

-04 00 04 =30
(x,-x.) (um)
L —
-5 0 5 —1
J (PA) J (pA) b (arb. units)
FIG. 3. Measured absorption SMM images of single nanocylinders with (a) # = 9 nm, D = 10 nm, A = 390 nm and (b) # = 20 nm,

D =40 nm, A =370 nm. All images are measured with a &~ @y, scan step 0.2 um, and smoothed with bicubic interpolation.

(c) Calculated SMM pattern b(x,,y,) with a = wy.
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The absorption-based SMM is found to be a very sen-
sitive tool for the detection of deeply subwavelength par-
ticles. The smallest available nanocylinder with 2 = 9 nm
and D = 10 nm is detected with SNR = 4.6 with lock-in
time constant 1 s (slope 12 dB/oct). Here the noise is a
standard deviation of the signal from the flat surface with-
out nanocylinders (background), that is mainly caused by
the noise of the average laser intensity, which is measured
to be 0.03%/+/Hz in the frequency range 0.2—2 kHz. It
should be mentioned that the SMM background should
be zero in the ideal case, because moving the spot along
the flat surface provides no differential signal from the
identical neighbor areas except the negligible contribution
of the optical surface roughness scattering. However, in
a real experimental setup there are a number of techni-
cal sources (small errors in adjustments, nonideal optics,
and so on), that provide some small background signal
that, nevertheless, can be offset by lock-in or subtracted
in postprocessing.

10

D (nm): 200

150

100

90

80

70

y (um)

60

Lock-in output (arb. units)

50

40

-10
0 1 2 3 4 5
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FIG. 4. Large-area scan of the sample with five columns of
evenly patterned # = 20 nm nanocylinders with 1 um pitch.
Diameters of nanocylinders are shown in front of each row,
A = 370 nm. “Large” dust particle can be observed at the bottom
right.

Figure 4 shows a raw image of a large area of the
sample without any postprocessing. This area contains
rows of nanocylinders with # =20 nm and decreasing
diameters from 200 to 40 nm evenly patterned in 1 um
pitch. In spite of the small spacing of the particles, all
of them can be clearly distinguished together with an
unknown larger dust particle located close to the 50 nm
row. It should be noted, however, that the resolving power,
that is, the distance between two particles where they are
still distinguishable, is different in the x and y directions. In
v direction, it is limited by a point spread function, whereas
in the direction of deflection x, the differential response is
wider than 2w, even for small oscillation amplitudes a.

Figures 5(a) and 5(b) show images registered from a
nanocylinder in visible red light related mostly to inter-
ference of the scattered and reflected light. Images are
recorded in two configurations, || and 1, with the top
half and left half of the beam blocked and deflection of
the spot in the horizontal direction. These two configu-
rations are different in the sense of taking different parts
of the interferometric perturbation of the intensity dis-
tribution and result in different symmetries of the SMM
patterns. Scattering scans reveal this specific symme-
try of spatial profiles expected from simulations shown
in Figs. 5(c) and 5(d). The scattered signal is detected
from all # =20 nm nanocylinders, including the small-
est with D = 40 nm in both configurations. However, L
configuration provides relatively high background signal
related to time-varying clipping of the beam by a beam
block.

We define a nanocylinder SMM signal S as a full
peak-to-peak value of the corresponding spatial profile,
so S = max[J(x,y)] — min[J (x,y)]. The total reflected
power provides the DC photodiode output Sy used for
normalizing the SMM data. Figure 6 shows the scaling
laws of the normalized nanocylinder SMM signals with
its volume V. It is well known [17] that ¢, and o, of sub-
wavelength nanoparticles scales as ¥ and V2, respectively.
The experiment shows a close to linear dependence for the
registered signals at visible range, confirming the interfer-
ometric nature of the effect when the measured signal is
proportional to the /0.

The dependence of the experimental absorption signal
is also expected to be linear because it is directly pro-
portional to o,. However, we find that the experimental
dependence of absorption signal is sublinear. The best fit
of data points from 4 =20 nm nanocylinders with the
power law is with the power exponent close to 0.7. Data
points from 2 = 9 nm nanocylinders lay reasonably well
on the line with the same scaling but shifted down (in
log-log scale) by the factor corresponding to the differ-
ence in silicon absorption at the two wavelengths that the
data are measured: the imaginary part of dielectric constant
[21] Im(e(370 nm)) = 26.95 is about 3.9 times higher than
Im(£(390 nm)) = 6.93.
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Measured scattering SMM images of a pair of nanoparticles (4 = 20 nm, D = 80 nm) at the distance 5 um, A = 680 nm:

(a) the slit in the back focal plane blocks the top half of the beam; (b) the slit is rotated 90° so that it blocks the left half of the beam.
Deflection is in horizontal direction. All images are measured with a & @y, scan step 0.2 um, and smoothed with bicubic interpolation.
(c),(d) Calculated SMM patterns b (x,,y,) and b, (x,,¥,), respectively, with a = wy.

V. FEASIBILITY OF SPATIAL MODULATION
MICROSCOPY FOR INDUSTRIAL
APPLICATIONS

Our extension of the SMM technique paves the
way toward pristine wafer diagnostics for the latest
extreme ultraviolet (EUV) technology nodes. Here we
outline the strategy for reduce the scanning time for
the industry-standard 300 mm wafers. The time 7 for
inspection of the whole wafer with the area 4,, can be
estimated as

Ay

T=—m1, 10
Aofo (10)

where Ay is the area of the spot and 7y is the measurement
time at one spot position.

SMM requires a tightly focused beam because the sig-
nal is proportional to the derivative of the intensity profile.
However, this requirement is in the direction of deflec-
tion only. We can increase 4y from the currently used
~ 0.5 um diameter circular spot by using an elongated
spot with long side perpendicular to the direction of deflec-
tion at the expense of precision of nanoparticle localization
in the opposite direction. To check this assumption, and
also to show that SMM can be used with any laser source,
we perform test SMM measurements of a nanocylinder
of A =20 nm with inexpensive USB-powered 405 nm
continuous-wave laser diode module and a cylindrical lens
as a first lens of a 4f system (L3). This forms a spot

in the form of a vertical line of approximately 0.5 um
width and several micrometers in height. With deflection
in the horizontal direction, we obtain a reliably measur-
able signal when the D = 40 nm nanocylinder crosses the
line at any vertical position during the sample scan. This,
for a suitable spot (for example, 0.5 x 6 um) the ratio
A/ Ay ~ 2.5 x 1019,

SMM changes the approach from measuring extremely
small scattered light power in scattering-based techniques
to measuring a small modulation of moderate power of the
reflected laser beam. In the first case, 7y is usually related
to the exposure time needed to detect a few scattered pho-
tons and can be decreased only by an increase in the optical
power of the laser source. In the second case, 1 is related
to the number of the beam oscillations needed to achieve
desired SNR and can be decreased with increasing the sig-
nal, decreasing the noise, and increasing the modulation
frequency.

Moving to a shorter wavelength in the UV range is an
obvious way to enhance signal with the benefit of A~ and
A~* scaling of the o, and o cross-sections [17]. The main
noise source in our SMM measurements is the laser rel-
ative intensity noise (RIN). The well-known scheme for
reducing this kind of noise is the balanced detection tech-
nique, which typically insures a two to three orders of
rejection of the common-mode laser intensity noise. In
order to increase the modulation frequency, the deflection
of the spot can be implemented with fast acousto-optic
deflector instead of a GM system [15].
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FIG. 6. Dependencies of the normalized absorption and scat-
tering SMM signals on the nanocylinder volume. Absorption
signals are measured at A = 370 and 390 nm for two samples
with different heights of nanocylinders, # = 20 nm (blue cir-
cles) and 7 =9 nm (green squares), respectively. Error bars
correspond to particle-to-particle dispersion. Scattering signals
are measured at A = 680 nm for one sample with # = 20 nm
nanocylinders in || configuration. The red dashed line shows
the linear fit of scattering experimental signal for # = 20 nm
nanocylinders. The blue dashed line is the V7 law fit with p =
0.69 £ 0.04 for absorption signal at A = 370 nm, whereas the
green line is shifted to the ratio of imaginary parts of silicon
dielectric constant Im(e(370 nm))/Im(e(390 nm)) ~ 3.9. The
arrow shows the volume of a 6 nm spherical particle specified
as a critical size in IRDS [3].

Currently commercially available acousto-optic deflec-
tors have sweep bandwidth of tens of megahertz and
operating wavelength up to 266 nm. Using a 266 nm laser
source increases the o, (o,) by a factor of approximately
1.4 (3.8). Increasing the modulation frequency from 1
kHz to 10 MHz and reducing the intensity noise by two
orders of magnitude, we can decrease the measurement
time 7( at one spot position from current 1 s to about 10
us keeping the same SNR. This gives the scan time for
the whole 300 mm wafer 7= 2.5 x 10° s (about 69.5 h),
which can be further reduced to a “comfortable” less-than-
one-day level with parallelization of the scan into several
independent measurement channels.

Special attention should be paid to noise sources during
increasing the frequency of oscillations to avoid the degra-
dation of SNR. The typical spectrum of RIN contains a
sharp peak at the resonant relaxation oscillation frequency
(see, for example, [22]) in tens-to-hundreds of kilohertz
range for solid-state lasers. For higher frequencies, RIN
usually rapidly decreases down to shot noise level, so the
high-frequency modulation reduces the RIN contribution.
Typical levels of electronic noise of balanced photodetec-
tors based on common transimpedance amplifier schemat-
ics are below the shot-noise level in all working bandwidth

up to tens of megahertz [23]. Fast acousto-optic deflec-
tion can introduce new sources of noise. Small changes
in diffraction efficiency associated with the deflection can
be compensated for with corresponding small-amplitude
modulation of the driving power to minimize the intensity
modulation of the deflected laser beam. Noise related to
fluctuations of the diffraction efficiency can be suppressed
with optimization of the driving power [24].

One of the advantages of SMM for scattering parti-
cles we would like to emphasize is the slow decline of
the signal with the decrease of both particle size and par-
ticle refractive index. Typical nanoparticles of interest,
such as polystyrene or silicon dioxide nanobeads, have
material refractive indices two to three times less than
silicon studied in this work. However, SMM gives the
edge over traditional methods of direct measurements of
scattered light intensity with both background suppression
and square-root signal scaling with the scattering cross-
section due to the differential interferometric principle of
the technique.

SMM is based on a relatively simple optical layout and
can use existing laser scanning microscopy platforms, pro-
viding a useful extension for the detection of sub-10-nm
particles. An interesting possibility is a combination of this
differential technique with nonlinear optical microscopy
in cases when the nonlinear nanoparticle response itself
is the subject of the study. SMM provides an easy sepa-
ration of the nanoparticle response from the background
response of the substrate and can be used, for example, for
the extraction of the weak enhancement of the harmonic
generation [11] or nonlinear photoluminescence [10] by
the surface particles. However, the application in silicon
surface inspection is limited by the low overall efficiency
of Si nonlinear response.

VI. CONCLUSION

We find a potential solution for wafer quality control
for EUV technology nodes. We develop a SMM technique
for far-field optical detection of deeply subwavelength
absorbing and scattering nanoparticles. We demonstrate
the linear dependence of the scattering SMM signal (vis-
ible range) on the nanoparticle’s volume, as expected due
to interferometric nature of the effect. We find the sublin-
ear dependence of the absorption SMM signal (UV range)
on the nanoparticle’s volume (~ V7). Using the devel-
oped technique we demonstrate experimentally the optical
detection of'a 10-nm silicon nanoparticle on the silicon sur-
face. SMM can be used as an additional channel of optical
inspection in modern semiconductor inspection tools.
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