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Nonimaging speckle interferometry for high-speed
nanometer-scale position detection
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We experimentally demonstrate a nonimaging approach to displacement measurement for complex scattering ma-
terials. By spatially controlling the wavefront of the light that incidents on the material, we concentrate the scattered
light in a focus on a designated position. This wavefront acts as a unique optical fingerprint that enables precise
position detection of the illuminated material by simply measuring the intensity in the focus. By combining two
fingerprints we demonstrate position detection along one in-plane dimension with a displacement resolution of
2.1 nm. As our approach does not require an image of the scattered field, it is possible to employ fast nonimaging

detectors to enable high-speed position detection of scattering materials.

OCIS codes: 120.3940, 290.0290.

Light is an ideal tool to perform contact-free, nondestruc-
tive, and high-precision metrology [1]. For this reason,
optical positioning techniques have proven themselves
indispensable in various branches of science and many
important industrial processes, including the fabrication
of semiconductor-based circuits with features on the
nanometer regime. Fast feedback is essential in these
high-precision positioning systems as high frequency
vibrational motion limits the level of precision that these
techniques offer.

In reflecting systems, laser interferometry [2,3] com-
bined with high-speed detectors offers precise out-
of-plane displacement measurements with a large band-
width. For in-plane displacements, several speckle-based
metrology techniques, such as speckle photography [4,5]
and speckle interferometry [6-9], were developed in the
late 1960s and 1970s [10]. These techniques spatially im-
age speckle patterns to offer versatile measurements of
material parameters, such as strain, displacement, and
rotation [11]. However, the necessary spatial information
limits the attainable bandwidth because these techniques
require imaging detectors, which are orders of magnitude
slower than nonimaging detectors, such as fast photo-
diodes, which can have gigahertz bandwidth.

Recent developments in optics [12-15] enabled control
of the propagation of scattered light. These techniques,
which are conceptually related to phase conjugation
[16,17] and time reversal [18], manipulate the wavefront
of the incident light using spatial light modulators [19] to
steer the scattered light, for example, in a spatial and/or
temporal focus at any desired position [12,20-23].

In this Letter we describe and experimentally demon-
strate a nonimaging approach to displacement measure-
ment for complex scattering materials. We concentrate
the light that is scattered from the material in a sharp
focus by spatially shaping the wavefront of the incident
light. In a complex system lacking translational invar-
iance, this wavefront acts as a unique optical fingerprint
of the illuminated part of the sample. Any displacement
between the fingerprint and the system reduces their

0146-9592/12/061070-03$15.00/0

© 2012 Optical Society of America

overlap, thereby inevitably decreasing the intensity in
the constructed focus. This dependence opens the possi-
bility to use such fingerprints for position detection of
the illuminated sample at resolutions of the order of nan-
ometers. In our experiment we employed a CCD camera
as a detector. However, as spatial information of the scat-
tered field is no longer required, this method, further-
more, enables the use of fast detectors.

In Fig. 1 we have depicted our method to detect sam-
ple displacements. With a wavefront synthesizer, we spa-
tially control the phase of a light beam. A detector behind
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Fig. 1. Method to detect sample displacements. Light modu-
lated by a wavefront synthesizer is projected on a scattering
sample by a microscope objective (not shown). At the back
of the sample a microscope objective (not shown) captures
the scattered light. A detector coupled to the wavefront synthe-
sizer monitors the scattered light in the Fourier plane of the
sample surface. Two optical fingerprints are generated for
two sample positions. Each of the fingerprints redirects the
scattered light onto one of the detectors. The sample position
r is determined by illuminating the sample with a superposition
of the fingerprints and monitoring the intensity difference Al
between the two detectors. While this figure shows a horizontal
displacement, the method is more generally valid and can be
made to work in all directions.
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a scattering sample combined with a feedback-based al-
gorithm finds the fingerprint that focuses the transmitted
light onto the detector [24]. We use this system to find
the fingerprints A and B corresponding to two different
sample positions, r, and rg. In our current setup, this pro-
cess takes several minutes. However, recently it has been
shown [15,25] that such fingerprints can be found well
within a second. Fingerprint A focuses the light onto
the first detector when the sample is positioned at ry,
while fingerprint B is constructed to concentrate the light
onto the second detector when the sample is at rg. When
we now position the sample in between r, and rg, while
illuminating it with a wavefront that is constructed by
coherently summing complex amplitudes of fingerprints
A and B, the sample position can be interpolated from the
intensity difference of the two detectors. This method
can be easily extended to detect displacements in multi-
ple directions by generating multiple optical fingerprints
at different sample positions.

The sensitivity of this detection method and the corre-
sponding smallest measurable displacement ér are deter-
mined by the way the intensities I, and Iy in the two foci
change under a sample displacement. When the sample is
illuminated by an optical fingerprint, the focus intensity
I, is a function of the sample displacement Ar=r -r,
from its original position r:

Iy(Ar) = n{Iyg)(l7(Ar) ), @

where (-} denotes ensemble averaging over disorder. The
enhancement factor 7 is defined as the ratio between the
intensity 1,(0) and the ensemble averaged background
intensity (/,g). This enhancement depends linearly on
the number of degrees of freedom in the wavefront
[12]. The value of (|y(Ar)[?) accounts for the loss in over-
lap between the sample and the optical fingerprint under
sample displacement.

When the range of complexity in the sample is on a
subwavelength scale, the overlap of the optical finger-
print with the sample depends solely on the illumination
optics. In our experiment, the pixels of the wavefront
synthesizer are projected onto the back aperture of an
infinity corrected microscope objective. In this geometry,
we calculated the overlap using the formalism of [10] for
an in-plane lateral displacement to yield

)

2
(I(ADPR) = [MM} ,

Kmax] Ar|

where the maximum contributing transversal wave vec-
tor k. is determined by the NA of the microscope
objective, ky.x = 22zNA/A. This overlap only equals
unity for Ar = 0 and becomes smaller for any nonzero
displacement.

The highest sensitivity of the systems is found by
maximizing the gradient V of the difference intensity
AI =1y - I,. By using Egs. (1) and (2), we find the max-
imum value of this gradient exactly in between r, and rg
when their distance is set to [ry — rglop = 2.976 /kpax.
For these conditions, the resulting optimal sensitivity
Sopt 18
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By changing the enhancement 7, the wavelength 4, and
the NA of the optics, it is possible to tune the sensitivity
over a wide range.

To test our position detection method we employ a
spatial light modulator (SLM) from Holoeye (LC-R
2500) that allows us to spatially modulate the phase of
a beam from a cw laser (Coherent Compass M315-
100, 4 = 532 nm). The modulated beam is then imaged
onto the back aperture of a microscope objective
(NA = 0.95). In the focal plane of the microscope objec-
tive we have placed a strongly scattering sample on top
of a high-precision positioning xyz stage (PI P-611.3S
NanoCube). The sample is composed of zinc oxide pow-
der on top of a glass cover slide. At the back of the sam-
ple we collect the transmitted light and image the far
field of the sample surface onto a CCD camera (Dolphin
F-145B, 10 fps). As our method does not need a spatially
imaging detector, the camera can be replaced with two
photodiodes to maximize bandwidth.

The optimal distance between optimization positions
r, and rg is calculated to be 2562 nm for this system. With-
out loss of generality, we consider only lateral transla-
tions in the x direction. We define the original sample
position as 2y, = 0 nm. The sample is translated toward
x5, = —126 nm. A feedback-based algorithm finds the op-
tical fingerprint for which the scattered light is focused
on the left side of the camera. Then we position the sam-
ple at vy = +126 nm and repeat the procedure to create
a focus on the right side of the camera. The two finger-
prints are superimposed on the SLM. When we move the
sample back to the original position x;,, the two spots
become visible on the camera.

In Fig. 2 the intensity in the two spots as a function of
the sample displacement Ax = x - x, is plotted, together
with camera images for three different values of Ax. The
two curves denote the intensity behavior predicted by
Egs. (1) and (2) without free parameters. Starting from
Ax = 0, where the intensity in both spots is equal, I,
and Iy change differently under sample displacement.
Moving the sample in the positive x direction results

®
S

@
rLeft spot, Iy g

~
S

, Right spot, I

o
S

(a) Ax=0nm

Ayisuajuy
o o
j=] (=]

)
]

s
o
Integrated intensity (counts/ms)

k@
N\
7

o

-500 -250 0 250 500
Sample displacement, Ax (nm)

Fig. 2. Spotintensities as function of the sample displacement.
(a)—(c) Camera images for different values of the sample displa-
cement Ax. The scale bars denote 1 mm. (d) Measured spot
intensities (circles I, squares Ig) as function of the sample dis-
placement. The solid curves denote the theoretical expected
behavior. One count on our detector is equal to an amount
of photoelectrons of the order of 10.
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Fig. 3. Intensity difference Iy — I, as a function of the sample

displacement Ax. The circles denote the measured intensity
difference, while the solid curve represents the theoretical
intensity difference. Within the gray area the function is bijec-
tive. The dotted line is a linear fit to the data points close
to Ax =0. From the fit we find that the slope equals
Sopt = 0.66 counts/ms/nm.

in a decreasing I, while I increases for Ax < xg. The
experimental data is in good agreement with theory,
although the measured intensity dependence is slightly
wider. This small deviation is likely to be caused by a
nonideal transfer function of the optics, which cannot
be compensated for by wavefront corrections.

To find the position of the sample from the measured
data, we look at the difference intensity between the two
spots, which is plotted in Fig. 3. For x5 < Ax < xp (gray
area) the function is bijective, resulting in a unique map-
ping between the difference signal and the sample posi-
tion. Over a large distance, the function is linear and only
close to the displacements Ax = x, and Ax = xp does
the function start to curve. The highest sensitivity is
found at Ax = 0, where the slope has a maximum value
of Sqpt = 0.66 counts/ms/nm, close to the theoretical
limit for this system of 0.80 cnts/ms/nm that we calcu-
lated using Eq. (3). The noise level in our setup is found
to be 1.42 counts/ms, so that the achievable displace-
ment resolution is 2.1 nm. We know that part of the noise
may, in fact, be signal, i.e., fluctuations of the actual sam-
ple position. The achieved resolution compares favorably
with state-of-the-art techniques [26]. A higher resolution
is possible by increasing the signal-to-noise ratio in the
system [27].

Instead of measuring the scattered light in transmis-
sion, one could also choose to work in reflection.
Furthermore, by employing more than two detectors
and generating multiple optical fingerprints, the method
can be expanded in a straightforward way to simulta-
neously detect displacements in multiple directions. Si-
milarly, the optical fingerprints can also be configured
to detect other sample movements, such as rotations.

This flexibility makes our technique very suitable for
high-speed and high-precision position monitoring of
complex scattering structures.
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