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hase retrieval has long been an issue in

fields ranging from microscopy to as-

tronomy. Many algorithms have been
implemented to retrieve phase,' ¢ but all of
the algorithms are iterative and subject to
problems of iterative algorithms such as non-
convergence, slow convergence, conver-
gence to local minima, and stagnation.>”
Also, they depend on external parameters to
control convergence and noise damping,
some of which are empirical and others can
be calculated to upper or lower bounds.

In X-ray crystallography, phase retrieval has
classically used a methodology of isomor-
phous replacement in which a heavy atom
is introduced as a reference signal. Diffraction
patterns are obtained with and without the
presence of the heavy atom, and from this
difference, the phase is retrieved.’

An atomic force controlled point source of
light used in near-field scanning optical mi-
croscopy (NSOM) can act as a point source
propagating into the far-field with a detect-
able intensity. Itis in fact a delta function oran
optical “heavy atom” that can with nano-
metric precision be positioned freely on or
relative to a sample. Thus, the intensities of
light from an object can be recorded at the
Fourier plane with and without the presence
of this optical delta function as it has been
possible in X-ray crystallographic phase re-
trieval with the addition of heavy atoms.
Table 1 compares the terms used in crystal-
lography to those used in the HARPS method
described in this paper.

No paper has addressed such a combina-
tion of technologies to resolve the phase
problem, but about 20 years ago, an algo-
rithm based on the use of heavy atom
concepts was proposed in optics by Kim
and Hayes."® This algorithm restores phase
using Fourier intensity images of a sample

ABSTRACT An object is characterized by its
amplitude and phase. However, when acquiring
optical data about such an object, using a record-
ing medium such as a camera, phase information
is lost. Crystallography experienced a break-
through in phase retrieval for large molecular
entities by Max Perutz's introduction of “heavy
atoms” using the method of isomorphous re-

placement. The availability of scanning probe
microscopy and its full integration with optical microscopy allows us to apply these X-ray
concepts to implement “heavy atom” restoration of phase in optical phase retrieval. In analogy
to the heavy atom method, we acquire Fourier intensities in place of an X-ray diffraction
pattern, and in place of the heavy atom, we utilize a nanometrically translatable point source
of light based on the propagating field of a cantilevered near-field scanning optical
microscopic (NSOM) probe controlled by an atomic force microscope (AFM). This integration
of NSOM/AFM technology with far-field imaging achieves robust phase retrieval independent
of external parameters, leading to 3D optical imaging. The methodology has super-resolution
potential, and thus, heavy atom restoration of phase with super-resolution (HARPS) shows the
potential of transparently integrated scanning probe microscopy with optical and other
imaging modalities such as electron or ion optical imaging.
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and a reference signal. The algorithm was
presented without any simulation and with-
out any relation to optical microscopy but was
presented as a general methodology in op-
tics. The present paper realizes the application
of this algorithm to real problems in conven-
tional optical microscopic imaging. The result
is a solution which directly solves for the
optical phase with no external parameters,
such as those used in iterative algorithms, to
ensure convergence and smoothing of the
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source of light as the heavy atom and using the optical
Fourier transform in place of the data that are obtained
in X-ray diffraction. This results, without iteration, in
height measurements similar to AFM height data of a
sample butin parallel and, thus, at a fraction of the time
that it would have taken to record such an AFM image.

RESULTS AND DISCUSSION

The motivation for this work was to ascertain the
feasibility of applying crystallographic heavy atom
methodology for optical imaging. Using the Kim and
Hayes paper, we “translate” the crystallographic terms
into implementable optical elements. The light ema-
nating from a tapered cantilevered optical fiber is
applied as a nanometric source of light, analogous to
a heavy atom, while the optical Fourier transform of the
object is employed in analogy to the X-ray diffraction
data. In crystallography, the algorithm used gives very
precise results as a result of a refinement procedure
which historically involved the use of two heavy atoms.
In this first demonstration of the application of these
concepts to optics, no such refinement with two heavy
atoms has been attempted.

For these initial investigations with HARPS, two
samples were studied, first, defined grooves in a
photoresist and, second, erythrocyte cells. Both results
can be seen in Figure 1. From the results on the
grooves, the average phase difference between the
imaged grooves and the background was 4.4 radians
(with up to 5% error). Equation 1 was used to calculate

TABLE 1. Parallelism of Terms
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where 4 is the wavelength of the laser, Ag is the phase
difference calculated from the experiment, and An =
Nsample — Nair = 0.6496. The corresponding depth of the
sample resulting from the algorithm and averaging
over the length of the line was 573 nm, in accordance
with the average AFM result of 574 nm.

Line scans show that the sharpness of the restored
image is 0.57 um (measured between 30 and 70% of
the step). The AFM sharpness was 0.26 um (~50%). The
objective used was 100 x with a numerical aperture of
0.8, which, together with the 532 nm laser illumination
wavelength, would have predicted a resolution of
0.40 um according to the Rayleigh criterion. By using
super-resolution techniques and refinement methods
in analogy to the heavy atom method, we hope to
implement in the future super-resolution with such
optical heavy atom methodology.

To generalize our results, the same algorithm was
applied to a sample of red blood cells in a drop of fresh
blood. In Figure 1b, the typical biconcave structure of a
red blood cell is seen. The size of the red blood cell was
7 um, and from the phase restoration, the concave
center was 275 nm deep. To obtain this result, the
refractive index of blood was taken to be 1.4'"" and
compared with air. The depth is in accordance with Wu
et al.'? especially considering that the blood was not
treated or fixed and had commenced to dry.

It is worthwhile to compare optical imaging with
HARPS to conventional optical imaging. When imaging
with monochromatic light, the image is a linear map-
ping of the complex amplitude. When imaging with
non-monochromatic light, the image is a linear mapping
of the intensity.”® In HARPS, we get both the complex
amplitude and the phase. Optic images with monochro-
matic and non-monochromatic light are shown in Figure 2.

Profile of blood cell

Phase(radians)

0 é “t €I$ lIZ 1‘0 12
b Micrometers

Figure 1. (a) Comparison of AFM line scan and profile along red lines on the restored phase image [inset] using heavy atom
restoration of phase with super-resolution (HARPS). Inset: Restored photoresist sample with rectangular structures with
560-610 nm grooves. (b) Restored erythrocyte cell [inset], with blue line showing location of profile which replicates well what
is obtained with AFM. Inset: Restored phase image of erythrocyte cell.
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Figure 2. (a) Monochromatic light image of the photoresist sample. (b) Profile on green line of image a. (c) Non-
monochromatic light image of calibration sample with constant amplitude. (d) Profile on blue line of (c). Red circles mark

the edges.

Optic images tend to emphasize the edges of the
image and give no data as to the relative height or
other data of the features in the image. This is espe-
cially true in transparent samples such as the ones
shown.

When comparing HARPS to other quantitative
phase restoration methods such as employed by
Axelrod et al.'* using DIC, we can see that HARPS
has obvious advantages over these methods: There
are no built-in artifacts such as ringing (typically
caused by the iterative algorithms used), fringes
(caused by the shear vector in DIC), and halos (typical
of phase contrast microscopy methods). The main pro-
blem with the current version of HARPS is noise, and
that can easily be ameliorated with future design
improvements.

CONCLUSIONS AND PROSPECTS

In conclusion, we have presented a direct and exact
method of retrieving phase in optical imaging. It
requires no iteration, no external parameters, and no
approximations. This wide-field ability to rapidly and in
parallel optically image the phase of objects or collec-
tions of objects has considerable general applicability.
This extends from biology to quality control in the
assembly of optical and other components.

Although the present instrumentation can be con-
siderably improved (better alignment mechanisms, a
better CCD with saturation prevention, upright micro-
scope imaging, automation for video rate phase imag-
ing, etc.), it is already evident that the approach lends
itself to obtaining super-resolution in optical imaging
inX,Y,and Z.

HONIGSTEIN ET AL.

As is well-known, the basis for obtaining super-
resolution is multiple images.?° This of course can be
obtained in a cumbersome way by moving the sample,
which would require the accurate verification of the
exact sample movement. This could be done in our
method by the presence of an online AFM. However, as
shown in the Methods section, a single nanometrically
exact and known subpixel movement of the tip with its
reference signal automatically results in the restored
image shifting without any sample movement. This
would predict that, even without using any of the
constraint-based approaches that are critical for refine-
ment of the structure in X-ray crystallography, one
should be able to obtain, using simply standard
super-resolution multiple image algorithms,?° a reso-
lution of 200 nm. In addition, using the speckles of the
laser can also improve the resolution.?’

Furthermore, in the same vein of emulating the
heavy atom approach of X-ray crystallography, the
method of multiple heavy atoms, which we know is
critical for structure refinement in X-ray crystallogra-
phy, can be emulated in optics with two or more
optical heavy atoms using presently available multi-
probe AFM/NSOM techniques. Such emulation should
be experimentally even less complex than in X-ray
crystallography since there is no chemical modification
barrier in our optical approach as is the case of
implementing multiple heavy atoms at different sites
in X-ray diffraction with amplitude but no phase
changes. To apply multiple optical heavy atoms, the
new approach of multiprobe NSOM'® can be used or
single probes with the reference signals positioned at
different nanometrically defined locations can be used.
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In both of these approaches, there will be a refinement
of the results as in multiple heavy atom constrained-
based refinements in X-ray-based image reconstruction.

Besides super-resolution, the methodology could have
an impact on fundamental optics by, as mentioned above,
using single or multiple probe tips with a known differ-
ence in height to either significantly simplify or resolve the
unsolved problem of phase unwrapping.

One also has to consider the application of this
methodology to other imaging modalities. An example
where the method could have significant import is in
phase imaging with electron microscopy. This is spe-
cifically relevant since there is a growing movement to
put an AFM in electron and ion beams2 and one could
conceive of the tip of an AFM with an electron-rich
material translated by AFM as in the optical heavy atom
analogy.

A more challenging direction will be to image
“slices” of a thick sample and piece them together to
perform 3D phase imaging. Sample tilting approaches
have revolutionized such 3D reconstructions in elec-
tron and optical microscopy, and some of the ap-
proaches could well be employed to help solve/
resolve some of the complexity that is expected in
3D slicing and reconstruction. In such extensions, it is
anticipated that the ability to nanometrically move the

METHODS

To explore the Kim and Hayes algorithm, we prepared litho-
graphic grooves on an AZ1500 series photoresist (AZ Electronic
Materials, Inc.) for which the index of refraction was known. The
resulting sample could readily be analyzed by atomic force micro-
scopy (AFM). The grooves had a varying depth of 560—610 nm,
with an average of ~574 nm. The refractive index was 1.63496 at
532 nm, the illumination wavelength. In addition, we have also
imaged erythrocyte cells in a drop of blood placed on a slide.

For this development in optical imaging, an inverted micro-
scope and a Fourier system (an f—f configuration) were em-
ployed to acquire the Fourier transform of the enlarged sample.
The system configuration is similar to that used by Popescu et al.
in Fourier phase microscopy.'® For technical reasons, we used
transparent samples even though the algorithm and the experi-
mental arrangement that we have devised is fully applicable to
image reflecting samples in an upright microscope setting.

Light emitted from a single longitudinal mode 30 mW Nd:Yag
(frequency doubled) laser (MSL-III-532, long coherence length,
Changchun New Industries, Changchun, China) is divided by a
beam splitter into two beams, as shown in Figure 3. One beam is
coupled to a single mode fiber, and the light emerging at the
other end of this fiber is collimated in order to obtain a plane
wave. The single mode fiber also acts as a spatial filter. The other
beam is coupled into a multimode optic fiber culminating in an
NSOM tip attached to a MultiView 4000 scanned probe micro-
scope (Nanonics Imaging Ltd., Jerusalem, Israel) fully integrated
into a Zeiss Axiovert 135 inverted optical microscope.

The virtual image plane (VIP) is the plane of the enlarged
sample image, illuminated by a virtual point source. By placing a
lens at the VIP, the virtual point source is transformed to a virtual
plane source, and the standard f—f configuration is placed after
the VIP to get the Fourier intensity images at the CCD (Figure 3).

HONIGSTEIN ET AL.

tip in Z and experimentally unravel the phase unwrap-
ping issues should be of significant import.

In summary, this paper provides a direct solution to
the phase problem in imaging with definitive ap-
proaches for super-resolution. This new method has
been applied successfully to two imaging tasks in this
paper, and from the results already obtained, it is clear
that the method can be applied widely to phase
restoration. Thus, one could potentially address pro-
blems in cell biology that are associated with cellular
mechanics that today are preferentially measured with
the very slow technique of AFM. An example is the
metastatic potential of cells from cancer patients.?®
In addition, within such a biological medical theme,
one could even consider the methodology for rapid
parallel acquisition of data similar to optical coherence
tomography and using it for the measurement of
phase changes in tissues.

Thus, the prospects for this method seem quite bright
for a number of different phase imaging tasks where
speed, phase, and even super-resolution are essential.

Finally, a most important aspect of this paper is the
criticality of online scanned probe microscopy to ad-
dress problems in imaging by providing data that have
not been accessible in the past for addressing the
inverse problem that is imaging.

The CCD used was a DT4000 uncooled camera from DuncanTech-
Redlake (Florida, USA).

The tip used in the experiments reported in this paper had a
300 nm diameter. The tip was brought into contact with the
sample using AFM feedback. With the probe tip maintained
with AFM in contact with the sample three images were taken:
(1) with light propagating through the NSOM tip, (2) without
lightin the NSOM tip, and (3) with light only through the NSOM
tip. An example of (1) with two tips is shown in the Table of
Contents graphic.

The phase was restored using the Kim and Hayes algorithm,
which is qualitatively described in Figure 4. Let x represent the
sample, h the reference, and y = x + h is both together (see
Figure 4). Let also X = Fourier(x), Y = Fourier(y), H = Fourier(h)
(not shown). The measured data is F = |X|2, the Fourier intensity
of the sample; G = |Y|?, the Fourier intensity of the sample and
reference; and R = |H|2, the Fourier intensity of the reference
signal (Kim and Hayes assume that Ris known a priori,and in our
implementation, R is measured). From F, G, and R can be
obtained the autocorrelation of x, h, and y via an inverse Fourier
transform, denoted Rx, Rh, and Ry, respectively. The “difference
autocorrelation” is Ryxh = Ry — Rx — Rh. If h is a delta function,
then h = Ad(mo,ne) and then Ryxh becomes

Ryxh(m, n) = Ax*(mog —m,ng —n)+Ax(mo+m,no+n) (2)

where x* denotes the complex conjugate of x.

The relationship between the difference autocorrelation and
x, ¥, and h is illustrated in Figure 4. The difference autocorrela-
tion, Ryxh, shows x, the sample, twice, slightly overlapped. One
of the samples is conjugated and rotated by 180° relative to the
other. Each element in the right side of eq 2 refers to one of the
samples in Ryxh. The position of the reference delta (the point
light source) determines the amount and location of the overlap
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Figure 3. System includes the following: (1) Nd:Yag laser beam is split and coupled to two fibers. (2) Part of the light is
collimated in order to illuminate the sample 3. The other light path is coupled to an NSOM tip, brought into contact with the
sample by means of an AFM control system. (4) Collimated virtual image plane (VIP). (5) Fourier plane, using the f—f

configuration. (6) Image plane. Inset: NSOM tip.
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The measured data

Autocorrelation and
difference autocorrelation
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Restored x

Restoring sample from difference
autocorrelation

Figure 4. lllustration of the restoration algorithm. Fourier magnitude is shown in log scale.

(see Figure 5). The difference autocorrelation is a complex
image that includes the phase of x. In addition, the position of
the tip can be used to move the restored phase images relative
to each other by subpixel amounts, providing an opportunity
for super-resolution in addition to phase restoration.

If the reference delta is located on the edge of the field of
view of the sample and outside the area of interest, the area
of interest in x can be copied directly from the difference
autocorrelation. If the area of interest in the sample is in the
overlap area, the overlapping part needs to be separated. It is
separated using the measured image G (which is a Fourier
transform of the sample autocorrelation) using an iterative

HONIGSTEIN ET AL.

procedure. This iterative procedure was analyzed with simu-
lations and experimental data and has proved to be extremely
sensitive to noise as it accumulates such noise from former
iterations.

For the data presented in this paper, the reference delta was
placed outside of the area of interest and therefore the above
problem was circumvented. However, for a more general solu-
tion, two reference delta functions can be used. This can be
accomplished using developments in multiprobe NSOM tech-
niques, shown in the Table of Contents graphic.'® Our ability to
implement this solution is shown in Figure 6 using a dual probe
MV4000 system integrated with the optical microscope
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Figure 5. Relation between reference function position and overlap in Ryxh. (a) Reference position at the edge of field of view.

(b) Reference position at the center of field of view.
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Figure 6. Restoration based on dual multiprobe AFM/NSOM
system. In the restored image, both the trench in the photo-
resist and the two NSOM probes are restored. The left-hand
tip was restored by the presence of the right tip and vice versa.

(Nanonics Imaging Ltd., Jerusalem, Israel). In this figure, the
photoresist is restored, and in addition to the trench in the
photoresist, the two NSOM tips are clearly seen in the restoration.
In the future, this technique of AFM-controlled multiple probe tips
with a known difference in height could be utilized to simplify
phase unwrapping. In the present paper, however, we used
existing methods'’~ ' (see Figure 1a). In pixels where the ampli-
tude is extremely low, the phase is not well-defined and jumps
randomly between —s and . Therefore, in all pixels where the
amplitude was less than 0.05% of the maximum value, we
“damped” the phase value by dividing it by 2.

In the examples shown in this paper, the total measurement
time was at most 5 s (depending on the acquisition rate of the
camera when taking three images) and the computing time was
3—4s. All processing was done on a computer with Windows 7,
64 bit operating system, with a quad core Intel Core i7 CPU at
2.93 GHz.
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