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Abstract − With the advance of microtechnology, in-
process or in situ measurement techniques for measuring
surface profiles of engineered micro parts have been in-
creasingly required. We have proposed an optical measure-
ment technique, the optical inverse scattering phase method,
which can be applied to the in-process measurement of
micro-surface profile with the accuracy in the nanometer
order. An instrument has been designed and developed on
the basis of the proposed principles, and verified by meas-
uring an ultra precision grid plate having rectangular pock-
ets 44nm deep at intervals of 10µm. The measured surface
profile gave good agreement with the nominal dimensions
of the specimen as well as the one obtained by AFM.
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1.  INTRODUCTION

With the advance of micro technology, ever-improving
metrology is required in the production of precision-
engineered micro parts. In-process or in situ quality inspec-
tion of the dimensional characteristics of the engineered
surface is an essential tool for ensuring a cost-effective
production with high quality. We need a novel profiler that
is at the same time fast, high precision, non-contact as well
as non-destructive with a long working distance, robust
against the vibrations in a production environment, simple
operation without onerous technical setup, and able to be
adapted to automation.

We have developed an optical profiler on the basis of
the optical scattering phase method, which has been pro-
posed in our recent work[1][2]. In the present method,
spectral information of a surface profile is obtained by
measuring Fraunhofer diffraction intensity. By employing
phase retrieval technique[3–5], surface profile is recon-
structed from the measured diffraction intensity determinis-
tically (not statistically). Some advantages of the present
method are the following: a surface profile within the whole
illuminated area can be measured simultaneously, no scan-
ning process is imposed; a long working distance is achiev-
able with no contact to work surface; there is no require-
ment of precise positioning of the measured work; meas-
urements of diffraction intensity are not likely to be affected

by vibrations; and thus, the possibility of near-process or in-
process implementation.

Here we describe the general principles of the proposed
method, the optical instrumentation, and the experimental
results carried out. The instrument consists basically of a
modified optical microscope, which enables one to measure
Fraunhofer diffraction intensity with high accuracy. The
developed instrument was verified by measuring a surface
topography reference that was designed for characterizing
SPM. Measured surface profile gave good agreement with
the nominal dimensions of the specimen as well as the one
obtained by AFM.

2.  OPTICAL INVERSE SCATTERING PHASE METHOD

2.1. Measurement principles
An object having surface profile h(x,y) is located in the

object plane Π, as shown in Fig. 1. The object surface is
coherently illuminated by a plane monochromatic wave
incident normally onto the plane Π. The complex amplitude

Fig. 1. Schematic illustration of the measurement principles.
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of the scattering light from the surface (we will refer to this
as object wave here) is expressed as

V x y V x y i x y( , ) ( , ) exp ( , )= [ ]θ (1)

The object wave is regarded as a result of interactions be-
tween the incident light and the illuminated object. Here,
we assume θ(x,y), the phase part of the object wave, is a
function of the surface profile h(x,y) and the wavelength of
the incident light λ, in accordance with

θ π
λ

( , ) ( , )x y h x y= 4
(2)

To determine the phase θ(x,y) is of our interest; when the
phase is determined, we can calculate surface profile h(x,y)
by using (2) conversely.

The object wave V(x,y) gives rise to a Fraunhofer dif-
fraction in the plane Γ. At the spatial coordinates (X,Y) in
the lens focal plane Γ, the diffraction field U(X,Y)  is given
by the Fraunhofer formula

   U(X,Y) = V(x,y)exp – i2π
λ

X
f

x + Y
f

y dxdy
D

(3)

where f is the distance of the focal plane Γ from the lens,
and the integration is taken over the area D of the object
plane Π covered by the illuminated area on the surface.
When standardizing the coordinates (X,Y) by the lens focal
length f and the wavelength λ, U(p,q)=U(X/λf, Y/λf) yields
the Fourier transform of the object wave V(x,y). Hence, we
can obtain a mapping of the power spectrum of the object
wave by measuring diffraction intensity I(X,Y)=|U(X,Y)|2

then conversing the spatial coordinates (X,Y) into the spatial
frequency coordinates (p,q). The information of the surface
profile appears as the spectral intensity at the corresponding
spatial frequency in the spatial frequency domain.

Although an object wave can be fully characterized by

Fig. 2. Schema of surface reconstruction using phase retrieval
technique.

obtaining its Fourier spectrum completely, which is in gen-
eral complex-valued function, the measured diffraction
intensity gives access only to the second order information
of the spectrum, i.e., power spectrum density. Thus, an
inverse problem has to be solved to determine the phase
from the knowledge of the power spectrum.

Fig. 2 explains a schema of reconstructing the surface
profile using phase retrieval technique. As described earlier,
we obtain the power spectrum of the object wave by meas-
uring diffraction intensity. In order to obtain sufficient in-
formation to determine the phase of the object wave, we
measure the intensity of the object wave (object intensity)
i(x,y)=|V(x,y)|2 besides the diffraction intensity. From the
pair of intensities measured both in the spatial and spatial
frequency domains, phase retrieval can determine the phase
of the object wave. Finally, surface profile is calculated
from the determined phase.

2.2. Phase retrieval algorithm
A block diagram of the phase retrieval algorithm[4,5] is

shown in Fig. 3. The algorithm involves iterative Fourier
transform back and forth between the spatial and spatial
frequency domain and application of the measured intensity
data in each domain. Denoting an estimate of the phase for
kth iteration, θκ(x,y), the estimate of the object wave gκ(x,y)
is expressed as gκ(x,y)=|V(x,y)|exp[iθκ(x,y)]. The following
four steps are applied iteratively to this estimate gκ(x,y): (1)
Fourier transform an estimate of the object wave; (2) re-
place the modulus of the resulting computed Fourier trans-
form with the measured Fourier modulus to form an esti-
mate of the Fourier spectrum; (3) inverse Fourier transform
the estimate of the Fourier spectrum; and (4) replace the
modulus of the resulting computed function with the meas-
ured modulus to form a new estimate of the object wave. In
equations this is,

k k k kG p q G p q i p q g x y( , ) ( , ) exp ( , ) ( , )= [ ] = ℑ[ ]Θ  , (4)

k kG p q U p q i p q′ = [ ]( , ) ( , ) exp ( , )Θ  , (5)

k k k kg x y g x y i x y G p q′ = ′ ′[ ] = ℑ ′[ ]−( , ) ( , ) exp ( , ) ( , )θ 1  , (6)

k kg x y V x y i x y+ += [ ]1 1( , ) ( , ) exp ( , )θ

                = ′[ ]V x y i x yk( , ) exp ( , )θ  , (7)

where Gκ(p,q) and Θκ(p,q) are the estimate of the Fourier
spectrum and its phase, and ℑ and ℑ-1 are Fourier transform
operator and its inverse, respectively.

The convergence of the algorithm is monitored by cal-
culating normalized rms error, E2

k, defined in the spatial
frequency domain by

  
Ek

2 =
U(p,q) – Gk(p,q) 2dpdq

U(p,q) 2dpdq
. (8)

The value of rms error E2
k decreases at each iteration[4].

The iterations continue until the value of error E2
k converg-

es to be sufficiently equal to zero or stays the same level
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Fig.3 Block diagram of the phase retrieval algorithm.

with a number of further iterations. When the error E2
k

reaches a minimum, a solution has been found.
The solution of the algorithm is known to be almost al-

ways unique except for the minor ambiguities such as rota-
tions by 2/π, linear shifts, and multiplication by a unit mag-
nitude complex constant[3]. In order to remove these minor
ambiguities and further, lessen the computation time re-
quired, it is desirable to give an educated guess at the cor-
rect phase distribution as an initial estimate of the algorithm.
Indeed, we are concerned here with engineering surfaces,
which are usually processed according to the designed
geometrical quantities such as dimensions or size parame-
ters. These a priori known knowledge about engineering
surface are to be used as the initial estimate of the iterative
algorithm.

3. OPTICAL INSTRUMENTATION

We have developed an instrument on the basis of the
general principles described in the previous section. The
optical configuration of the developed instrument is shown
in Fig. 4. An Ar ion laser (MELLES GRIOT 543-100BS;
wavelength, 488nm) was used as a light source, and the
laser light is introduced to the instrument by a singlemode
optical fiber. A collimator lens and objective2 produce a
laser spot of approximately 16µm in its diameter on the
back focal point of the objective1. By this setup (Köhler’s
central illumination), specimen is illuminated by a normally
incident Gaussian beam with its waist coincide with the
specimen surface. There is no requirement of precise posi-
tioning of the specimen as a result of the large depth of
focus.

Scattering light from the specimen surface is gathered
by objective1 (Nikon CFIC-EPI PLAN ELWD, 50×, N.A.
of 0.55, W.D. of 8.70mm), forming the Fraunhofer diffrac-
tion in its back focal plane; by exchanging objective1, dif-
ferent settings of resolution, field of view and working
distance can be adjusted so as to suite an individual speci-
men. Note that the lateral resolution in the present method
depends on the maximum spatial frequency that can be

obtained by objective1, given by N.A./λ. We take a period
∆=λ/N.A. as the theoretical criterion of the lateral resolution,
the finest sinusoidal phase distribution resolvable in the
spatial frequency domain. The diffraction image is magni-
fied four-holds by a microscopy optical system consisting
of objective2 (Nikon CFI PLAN, 4×, N.A. of 0.10, W.D. of
30mm) and a tube lens as indicated by path1 in Fig. 4. On
the other hand, an optical microscope (path2 in the figure)
focuses into a magnified image of the specimen surface on
its image plane, which enables one to measure object inten-
sity. A cooled CCD camera (Apogee Instruments AP4;
Kodak KAF-4200; pixels, 2048×2048 of 9µm×9µ m; dy-
namic range of > 75dB) is mounted on the instrument to
measure intensity images. Two intensities are respectively

Fig. 4. Schematic illustration of the optical configuration. BS,
beam splitter.
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measured by opening and shutting two shutters to switch
the paths. Measured images are passed to an image proces-
sor to remove undesirable artifacts and measurement noise.
The instrument was placed in a cleanroom of class 5000.
Photographs of the developed instrument are shown in Fig.
5. Two stages indicated in Fig. 5(a) are used for the align-
ments of the specimen and the illumination optics.

Fig. 5. Photograph of the developed instrument. (a) Overview. OF,
optical fiber. (b) Detail: C, collimator; BS, beamsplitter; O, objec-
tive; S, shutter; M, mirror, TL, tube lens.

4. EXPERIMENTS

4.1. Measurement of diffraction and object intensities
The instrument was verified by measuring a surface to-

pography reference that was designed for characterizing
SPM. A sketch of the specimen (VLSI standards STR10-
440P) is illustrated in Fig. 6(a). The specimen consists of an
array of alternating bars and spaces with an uniform pitch of
10µm. The entire top surface of the die is coated with a
uniform layer of platinum, and the depth of pockets are
defined at 44nm. A sectional profile of the specimen ob-

tained by AFM (Digital Instruments) is also shown in Fig.
6(b).

Fig. 6. (a) Sketch of the specimen. (b) Section profile of the
specimen obtained by AFM.

A center of the specimen was illuminated. Measured
diameter of the incident Gaussian beam was approximately
160µm at its waist. Throughout the intensity measurements,
bias, dark, and sensitivity variations between each pixel in
the CCD chip were calibrated to improve the signal-to-noise
ratio of the represented intensity values in the CCD images.
The lateral magnifications of the imaging system were also
calibrated.

First, we measured the object intensity i(x,y)=|V(x,y)|2.
Obtained CCD image is shown in Fig. 7 – only the central
part of the obtained image was cropped and shown here.
Next, we measured the diffraction intensity. In order to
obtain sufficient signals for the high-frequency components
having weak intensities, we took two exposures with the
exposure time controlled, then two images were properly
combined. The obtained image of the diffraction intensity
I(X,Y)=|U(X,Y)|2 is shown in Fig. 8. Because the image
contains intensity values distributed over wide dynamic
range,  gray levels of the presented image have been
stretched into the logarithmic scale. A uniform separation of

Fig. 7. Measured object intensity i(x,y)=|V(x,y)|2. Only the central
part of the obtained image was cropped and shown.

10µm10µm

44nm

Platinum coat SiSiO2

(a)

Proceedings, XVII IMEKO World Congress, June 22 – 27, 2003, Dubrovnik, Croatia TC1 Proceedings, XVII IMEKO World Congress, June 22 – 27, 2003, Dubrovnik, Croatia TC1 

Proceedings, XVII IMEKO World Congress, June 22 – 27, 2003, Dubrovnik, Croatia                                                                              TC14



each component of the Fraunhofer pattern was observed,
and high-order components having weak intensity can be
distinguished clearly.

Fig. 8. Measured diffraction intensity I(X,Y)=|U(X,Y)|2. Gray levels
of the images are logarithmic. The scale bars correspond to a
measure taken on the back focal plane of the objective1 (see Fig.
4).

We calculated power spectrum of the object wave from
the measured diffraction intensity. The power spectrum
along the line Y–Y″ in Fig. 8 is shown in Fig. 9(a). Fig. 9(b)
is a detailed plot of the high-order spectral components

Fig. 9. Plot of power spectrum calculated from the measured dif-
fraction intensity. The spectra are normalized by the principal
maximum of the zeroth-order component. (a) Line plot along
Y–Y″ in Fig. 8. (b) Detailed plot of the high-order spectra Y′–Y″
in Fig. 8.

corresponding to Y′–Y″ in Fig. 8. In these plots, spectra are
normalized by the principal maximum of the zeroth-order
component. The spectra up to tenth-order could be obtained,
distributing over a dynamic range of more than 100dB.
Each successive spectrum is uniformly separated by 105m-1,
i.e., the reciprocal of the nominal pitch of the specimen.

4.2. Surface reconstruction results and discussions
We performed the phase retrieval using the measured

intensity data.  An ideal surface profile according to the
nominal dimensions of the specimens was used as the initial
phase estimate of the algorithm, then 300 iterations were
followed. A curve of normalized rms error E2

k against the
number of iteration is shown in Fig. 10. After the rapid
decrease at the initial few iterations, the value of the nor-
malized rms error decreased to approximately 0.04.

Fig. 10. Iterations vs normalized rms error.

The surface profile was calculated from the reconstruct-
ed phase by using (2), shown in Fig. 11. Each rectangular
pocket having the width of 5µm is clearly distinguished.
The diameter of the dashed circle in Fig. 11 corresponds to
the beam diameter of the incident Gaussian beam, 160µm.
Shapes of each pocket were uniformly reconstructed inside
the circle, while outside of the circle, the reconstructed
profile was distorted.  This result indicates that the meas-
urement area of the present method is almost the same as
the beam diameter of the incident Gaussian beam.

Fig. 11. Surface reconstructed by phase retrieval. Surface height is
represented by gray level. Diameter of the dashed circle corre-
sponds to the beam diameter of the illumination, 160µm.
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The surface of area Σ and the section profile along line
X–X′ in Fig. 11 are shown in Figs. 12(a) and 12(b), respec-
tively. The dimensions of the measured profile are in good
agreement with the nominal values of the specimen, pitch of
10µm and depth of 44nm. Further, we experimentally veri-
fied the lateral resolution by calculating the slope at the
sidewall of the pockets in the measured profile. As indicat-
ed in Fig. 12(b), the value of the lateral resolution deter-
mined from the experimental data was well reproduced by
the theoretically predicted value, λ/N.A.=0.89µm.

Fig. 12. (a) Surface plot of area Σ in Fig. 11. (b) Section profile
along line X–X´ in Fig. 11.

One can observe that the measured profile is slightly
waving, resulting in at most ±5nm measurement error in its
height when compared with the one obtained by AFM (see
also Fig. 6(b)). This measurement error is attributed to a
physical property inherent in the coherent imaging. In the
coherent imaging, the measured spectra are sharply dropped
to zero outside the bandwidth of the system. This results in
arising Gibbs phenomenon in the reconstructed profile (this
is also referred to as ringing effect). Errors in the intensity
measurements can also be counted as the other sources of
this deviation in the reconstructed profile. Systematic error
such as the imperfections of the CCD chip and the lens
aberrations of the imaging system can be compensated to
improve the accuracy of the reconstructed profile; the CCD-
oriented problems can be removed by performing more
careful calibrations of the CCD chip, while the error caused
by the lens aberrations can be deconvolved on the basis of
the OTF (Optical Transfer Function) of the present imaging
system.

5. CONCLUSIONS

We have designed and developed an instrument based
on the general principles of the optical inverse scattering
phase method. In the present method, power spectrum of
the micro-surface profile is obtained by measuring its

Fraunhofer diffraction intensity. With the additionally
measured object intensity, phase retrieval technique allows
one to reconstruct deterministic surface profile from the
power spectrum.

The developed instrument was verified by measuring a
surface topography reference that was designed for charac-
terizing SPM. The specimen consists of a grid pattern hav-
ing rectangular pockets 44nm deep at intervals of 10µm. It
was demonstrated that a surface profile is successfully re-
constructed within the area inside the 1/e full width of a
incident Gaussian beam. The dimensions of the measured
surface were well consistent with the nominal values of the
specimen. Further, good agreement between the surface
profile measured by the present method and AFM was also
obtained within the deviation of at most ±5nm in its height.
These experimental results support the validity of the in-
strumentation as well as the proposed measurement princi-
ples.

The present method is suitable in applications to in-
process or near-process as well as on-machine measure-
ments of micro-surface profile in a production environment.
Application to the measurement of non-periodic surface
will be done in future work.
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