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Abstract

It is proposed and numerically verified that the one-dimensional edge roughness of test sample can be characterized by far-field irra-
diance measurement at subwavelength-scale precision with a constructed aperture playing as an optical ruler. The precision of the pro-
posed scheme of measurement could be better than 3%, even when the edge roughness is in subwavelength-scale. The influence of sample
thickness on the proposed measurement scheme is also investigated and considered.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Subwavelength photonics devices and nanotechnology
have great potential in advancing the content of science
and technology [1,2]. The fields of subwavelength optics
[3] and photonic crystals have continued to progress [4].
Thus, measurements and characterizations of subwave-
length scales are important and need to be further devel-
oped. Subwavelength measurements can be categorized in
two different fields. One is spatial measurement, which mea-
sures the subwavelength structure while stationary, i.e., to
measure the spatial variation of the test sample from point
to point in the precision of subwavelength. The other is tem-
poral measurement, which measures the temporal variation
of the test sample in the precision of the subwavelength-
scale. Several scanning probe microscope (SPM) skills and
applications have been developed to subwavelength spatial
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measurement [5,6]. Also, advances in biomedical technol-
ogy have highlighted the importance of subwavelength
temporal measurement of bio-particles [7,8]. However, to
measure an element using SPM skills, a high degree of care
in manipulation must be exercised during measurement to
avoid damaging the test sample or the equipment by unin-
tentional carelessness. Measuring the structure in the far-
field with optical methods can avoid such problems.

In the past, the extraction of subwavelength information
from far-field measurement was generally believed to be
very difficult or perhaps impossible. This was because it is
commonly stated that the information of the subwavelength
details of the illuminated object is carried by evanescent
components, which are exponentially attenuated in the
course of propagation and thus could not be observed in
far-field. However, what we concerned here is the situation
that the diffraction aperture is exceeding several wave-
lengths and the medium of the aperture is homogeneous
medium. Recently, however, several achievements have
demonstrated that retrieving subwavelength information
in the far-field is possible and could be considered to be
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Fig. 1. Schematic diagrams of (a) constructed aperture edge roughness
measurement system, (b) a front view of the constructed aperture of the
system. The detail description of the figure could be found in Section 2,
paragraph 1.
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accomplished in practice. First, Selci and Righini demon-
strated experimentally that in the far-field region, when
the width of slit exceeds several wavelengths, subwavelength
variation can still be detected and its far-field characteristics
of integrative intensity and diffracted intensity are consis-
tent with the predictions of diffraction theory, even when
the slit variation is in the order of 1/100 of a wavelength
[9]. Their experiment demonstrated the possibility of
retrieving subwavelength information from far-field charac-
teristics. It has been shown that the subwavelength tempo-
ral variation of a simple case, i.e., a one-dimensional
subwavelength temporal variation of a rectangular aper-
ture, can be determined from a far-field characteristic, irra-
diance, with a precision better than 1 nm [10]. Furthermore,
detection of subwavelength temporal variation from
another far-field characteristic, far-field diffraction pattern,
has also been proposed [11]. Detection sensitivity enhance-
ment of a subwavelength temporal signal by using an
embedded-aperture interferometer configuration has also
been investigated [12]. Usually, temporal and spatial infor-
mation are correlated in physical objects. It is of interests to
express the possible implementation of subwavelength spa-
tial variation in terms of far-field characteristics, and thus to
retrieve the subwavelength spatial variation from far-field
measurement. In this paper, a slit-like aperture is proposed
as an optical ruler, which could be used to identify the spa-
tial edge roughness variation in the precision of subwave-
length-scale from only far-field irradiance measurement.

This paper is organized as follows. The basic scheme of
the constructed aperture roughness measurement is illus-
trated in Section 2. The sample thickness influences are
considered in Section 3. The simulation results and discus-
sions are provided in Section 4. The conclusion is presented
in Section 5.

2. Constructed aperture roughness measurement system

Referring to Fig. 1, a constructed aperture measurement
system behaving as an optical ruler was proposed to retrieve
the edge roughness of the test sample. The diffraction aper-
ture R was constructed by a slit-like aperture and the margin
of the test sample, where the width of the slit-like aperture
along the g direction was denoted as b. A monochromatic
plane wave of wavelength k was assumed to be orthogonally
illuminated onto the constructed aperture R. The margin of
the test sample was situated relative to the straight margin of
the slit-like aperture in a base width a0. The dimensions of a0

and b were both above several wavelengths for satisfying the
assumptions of the scalar diffraction theorem. The front
view of the constructed aperture was shown in Fig. 1b. A
detector with the size W � W was positioned behind the
aperture

P
at a distance Z0 in the far-field region, or by

introducing a focal lens just behind the aperture
P

, situated
the detector at the focal plane of the lens. Thus the diffrac-
tion pattern on the detector plane could be evaluated by
the Fraunhofer diffraction [13]. The overall power collected
by the detector was denoted as P z.
To illustrate the main idea of the proposed scheme, we
recalled that while the width deviation from the base width
a0, Da, of a rectangular aperture in a dimension a0 � b, was
in a scale of subwavelength, the aperture width deviation
Da could be retrieved from a physical parameter, i.e., the
derivative intensity dP z

da ja¼a0
in a precision better than 1 nm

[10] by the following approximation, i.e.,

Da ffi DP z
dP z

da

����
a¼a0

 !,
; ð1Þ

where DP z is the deviation of the overall power comparing
to that of the base width a0, P zða0Þ, i.e. DP z ¼ P zðaÞ�
P zða0Þ. The key idea of the proposed measurement is that,
while the width of the optical ruler b is small enough as
compared to the spatial variation scale of the edge rough-
ness T d, the margin of the test sample could be estimated as
a straight surface. The width of the constructed aperture
(or say the averaging width) was denoted as �a, which could
be retrieved by far-field irradiance measurement. The pro-
cedures are stated as below.

First, we derive the derivative intensity dP z
da ja¼a0

of an
aperture varying in one-dimension with only one side, in
a correspondence to the constructed measurement system
here. It is for the reason that while measuring the edge
roughness, the test sample will be moved in the g direction.
Because the edge roughness is varied spatially from point
to point, the width of the constructed aperture R, a, will
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be changed as the sample is moved. The constructed aper-
ture will vary only on one side and the derivative intensity
of measured power, dP z=da, could be deduced as to be
shown below.

The exact form of the diffraction pattern on the detector
U can be derived from Fraunhofer diffraction, and the
intensity is j U 2 j. The overall power collected by the detec-
tor is the integration of the intensity over all the complete
detector area, which is also the function of the varying
aperture width a,

P zðaÞ ¼ 4
kz0

p

� �2

fpðW =2; aÞfpðW =2; bÞ; ð2Þ

where the function fpðX ; aÞ ¼
R X

0
sin2½kax=2z0�

x2 ¼ ka
2z0

SiðkaX
2z0
Þ�

sin2ðkaX
2z0
Þ=X . k ¼ 2p

k is the wave number, and Si is the sine-
integral function. The derivative intensity is the derivation
of overall power P z over the varying aperture width a,
which can be derived as

dP z

da
¼ 8

Z0

k
fpðW =2; bÞSi

kaW
2Z0

� �
: ð3Þ

The numerical value of the derivative intensity dP z
da ja¼a0

can
be evaluated from Eq. (3), and can be substituted into Eq.
(1) to retrieve the margin position of the test sample as
�a ¼ a0 þ Da.

3. Analysis of the thickness effect of test sample

In Section 2, the constructed aperture is estimated as an
ideal planar aperture. However, in a real situation, the test
sample will have a thin thickness d inevitably. As shown in
the Fig. 2, the actual constructed aperture R0 will have an
inclination angle, / ¼ arctanðd=a0Þ, to the incident plane
wave. The introducing power deviation on the detector D

cannot be neglected as comparing to the power deviation
caused by the constructed aperture width variation in the
subwavelength-scale. In other words, a solution to recover
the influence caused by the sample thickness has to be con-
sidered. Referring to Fig. 2, considering that a plane wave
Fig. 2. Schematic diagram of a side view of the constructed aperture edge
roughness measurement system. The detail description of the figure could
be found in Section 3, paragraph 1.
passes through a plane rectangular aperture R, the diffrac-
tion optical field on the detector D behind the aperture in
the far-field distance Z0 can be evaluated by Fraunhofer
diffraction, i.e.,

Upðx; yÞ ¼
C0ðx; yÞ

kZ0

Z Z
R

U 0ðn; gÞ

� exp �j
2p
kZ0

ðxnþ ygÞ
� �

dndg; ð4Þ

where for an aperture,U 0ðn; gÞ ¼ 1 and C0ðx; yÞ is the phase
term. Next, considering the situation that the constructed
aperture R0 has an inclination angle / to the incident plane
wave, the diffraction optical field on the plane orthogonally
behind the aperture R0 in the far-field distance Z0 can be
evaluated as an oblique plane wave incident on a plane
aperture R0, i.e.,

UT ðx0; yÞ ¼
C0ðx0; yÞ

kZ0

Z Z
R0

U 0ðn0; gÞ

� exp �j
2p
kZ0

ðx0n0 þ y0gÞ
� �

dn0dg; ð5Þ

where U 0ðn0; gÞ ¼ U 0ðn0; gÞ exp½jkn0 sin /�, for an aperture,
U 0ðn0; gÞ ¼ W, W ¼ cos / is tilt factor and exp½jkn0 sin /�
is the relative phase of the optical field at the constructed
aperture R0. Substituting U 0ðn0; gÞ into Eq. (5), we have

UT ðx0; yÞ ¼
C0ðx0; yÞ

kZ0

Z Z
R0

U 0ðn0; gÞ

� exp �j2p
x0

kZ0

� sin /
k

� �
n0 þ yg

kZ0

� �� �
dn0dg:

ð6Þ

With Eqs. (6) and (4), it can be seen that by rotating the
detector relative to the constructed aperture in an angle
/ ¼ arctanðd=a0Þ, the detector will be parallel to and per-
pendicularly behind the constructed aperture R0 at a dis-
tance Z0. The sample thickness induced light-oblique
incidence will cause a shift of diffraction pattern. If we re-
place x0 with x00 þ Dx0, Dx0 ¼ Z0 sin /, we have

UT ðx00; yÞ ¼
C0ðx00; yÞ

kZ0

Z Z
R0

U 0ðn0; gÞ

� exp �j
2p
kZ0

ðx00n0 þ y0gÞ
� �

dn0dg; ð7Þ

Referring to Fig. 2, and comparing Eqs. (4) and (7), this
means that if we position the detector at a new position,
the only difference in these two equation is the diffraction
aperture width of constructed aperture R0 that effective
aperture width is a=W. The derivative intensity of the detec-
tor at a new position will be

dP z

da
¼ 8

WZ0

k
fpðW =2; bÞSi

kaW
2Z0W

� �
; ð8Þ

and can be substituted into Eq. (1) to retrieve the margin
position of the test sample as �a ¼ a0 þ Da. This means that
if we position the detector at a new position, which is:



Fig. 3. The retrieving results of two different edge roughness profiles: (a)
sine variation. (b) quasi-periodic variation.The detail description of the
figure could be found in Section 4, paragraph 3.
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(i) Rotating the original detector D relative to the aper-
ture in an angle / to be parallel to the constructed
aperture R0, and

(ii) Shifting it in a distance Dx0 ¼ Z0 sin / along the direc-
tion of þx0-axis.

The corresponding derivative intensity of the detector at
a new position could be deduced, as shown in Eq. (8), and
substituted into Eq. (1) to retrieve the margin roughness of
the test sample. To be specific, in n� z plane, the center
position of the original detector was ðZ0; 0Þ and that of
new detector was ðZ0 cos /þ Dx sin /; Z0 sin /þ Dx cos /Þ.
Moreover, while the thickness of the test sample is small
compare to the aperture width, tilt factor W ffi 1; the influ-
ence of W is small and thus can be further neglected.

4. Simulation verifications

The feasibility of the proposed edge roughness measure-
ment will be numerically demonstrated as below. We first
set the edge roughness of test sample, and use a base width
a0 ¼ 50 lm to evaluate the base overall power P zða0Þ. The
width of the optical ruler, b, is chosen as 6 lm, which is
about 10 times the size of the light source wavelength,
632.8 nm that considered here. The width of the detector
W is also 50 lm, and the detector is placed behind the aper-
ture at a distance of 30 cm. While moving the test sample, the
corresponding overall power variation will be substituted
into Eq. (1) to retrieve Da, the deviation from edge position
to the base width a0. The exact edge position of the test sam-
ple is simply the sum of the base width and the deviation Da.

Without loss of generality, two edge roughness pro-
files, i.e., sine variation aðgÞ ¼ a0 þ a� sinð2pg=T dÞ and
quasi-periodic variation aðgÞ ¼ a0 þ a

2
� sinð2pg=T dÞ þ a

2
�

sinð2
ffiffiffi
2
p

pg=T dÞ are used to simulate the edge roughness,
and the thickness of the test sample was taken as one
wavelength. The amplitude of the edge roughness fluctu-
ations, a, is set to 10 nm, and T d is the spatial variation
scale of the surface roughness.

The simulation process is summarized here. The edge
form of constructed aperture is varying as the pre-setting
function, aðgÞ. The corresponding collected power on the
detector D0 is evaluated numerically, and then substitute
the overall power variation DP z into Eq. (1) to get the width
deviation Da from base width a0, then we get the estimated
edge roughness form: �a ¼ a0 þ Da and compare it with the
pre-setting center roughness value of the constructed aper-
ture. The results of the proposed edge roughness measure-
ment of different spatial scale T d are shown in Fig. 3.
Three different spatial variation scales, T d ¼ 2b, 5b and
10b, are used to explore the feasibility and the precision lim-
itation of the proposed measurement. The deduced results
of two edge roughness forms are shown separately in
Fig. 3a and b by comparing the width deviation Da to that
of the pre-setting value, and the maximum error percentage
of the results are shown in the figures. The pre-setting edge
roughness is plotted in thin lines as reference, spatial varia-
tion scale T d ¼ 2b is plotted in gray thin lines, T d ¼ 5b is
plotted in thick lines, and T d ¼ 10b is plotted in dot lines.

It can be seen that one-dimensional edge roughness can
be measured by far-field irradiance measurement with the
proposed approach. The relation between the width of
slit-like aperture b and the spatial variation scale of the
edge roughness T d determine the measurement precision
of the proposed scheme. While the width of the optical
ruler is 1/5 of the spatial variation scale T d, the maximum
error of the proposed edge roughness measurement will
exhibit a percentage below 10%. If the width of the optical
ruler is 1/10 of the spatial variation scale T d, the maximum
error percentage will be further reduced to below 3%. From
our simulation results, the measuring precision of rough-
ness varying in an amplitude 10 nm is better than 1 nm,
while the width of optical ruler is smaller than 1/5 of the
roughness spatial variation scale T d.

5. Conclusions

In conclusion, a characterization scheme to retrieve the
edge roughness in a precision of subwavelength-scale by
far-field irradiance measurement of a constructed aperture
configuration has been numerically demonstrated be hav-
ing a reasonable error ratio below 3%. Better results can
be obtained by choosing an optical ruler with a shorter
width. Besides, we should note that while using a shorter
wavelength, the restriction of optical ruler width could be
reduced. It means that by using an optical ruler with a
shorter wavelength: (1) a higher precision can always be
achieved for measuring the same sample, and (2) the
restriction of the spatial variation scale of the test sample
will be released. A further impact message contained in
out results is we provided an evidence of the possibility
to retrieve spatial subwavelength-scale information from
far-field measurement.
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On the other hand, the limitation of the propose rough-
ness measurement should be addressed. First, in this preli-
minary study, what we addressed is a very thin sample
with finite thickness or samples having same edge roughness
in the finite thickness, thus in such finite region the edge
roughness could be estimated as a same value to be
retrieved. Secondly, the proposed roughness retrieving
scheme is based on the assumption of the scalar diffraction
theory, i.e., what we considered is that constructed aperture
is exceeding several wavelengths and the medium of the
constructed aperture is homogeneous medium. Indeed,
while the diffraction structure is not large enough compar-
ing with incident light wavelength or when the diffraction
structure is active medium, the interaction between the light
and diffraction edge could not be ignored. Thus for predict-
ing the diffraction pattern, scalar theory is not enough and a
rigorous treatment is needed [3]. Furthermore, it should be
noted that the proposed measurement is still workable even
when the fluctuation amplitude of the edge roughness, a, is
increased to the value of one wavelength. And, the detector
width optimization [10] or the embedded-aperture interfer-
ometer configuration [12] could be further implemented to
increase the detection sensitivity. The extension of the pro-
posed measurement to retrieve the whole two-dimensional
surface roughness by far-field measurement is on the pro-
gress and will be further published elsewhere.
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