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Abstract

We have proposed an optical method that can be applied to in-process or in situ measurement of the microsurface profile. The prese
method is based on optically performed spectral analysis and the phase retrieval technique. Spectral information of a surface profile i
obtained by measuring the Fraunhofer diffraction intensity. The phase retrieval technique is used to reconstruct the surface profile fron
the measured spectrum. We have developed an instrument on the basis of the general principles of the present method, and measured
surface of a reference standard having rectangular pockets 44 nm deep at intervalsTofTle measured surface profile was in good
agreement with the nominal dimensions of the specimen as well as the surface profile obtained by atomic force microscopy (AFM).
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction [3-5]. The present method offers the following advantages
for in-process measurements. A surface profile within the
With the advance of microtechnology, ever-improving whole illuminated area can be measured simultaneously and
metrology is required for the production of precision-enginee- no scanning process is imposed. A long working distance
red microparts. Precise systems such as microelectromechanis achievable with no contact with the work surface. Re-
ical systems (MEMS) and micro-optical devices incorporate quired time for data acquisition is short. Measurements of
assemblies of microparts having a size on the order of athe diffraction intensity are not likely to be affected by the
few to a few hundred micrometef4], and tolerances of  vibration of work surface.
geometric dimensions of the individual microparts must be  One noteworthy feature of the present method is the ability
controlled to an accuracy of less than sub-micrometer or- to obtain a deterministic profile of the measured surface from
der. While measurement techniques such as scanning prob¢he diffraction intensity. Although diffraction is knownto be a
microscopy (SPM) and interferometry are currently used to useful phenomenon for surface studies and characterizations,
acquire dimensional characteristics of engineered microsur-most efforts have been devoted to obtaining area-averaged
faces[2], methods for in situ or in-process measurement is statistical properties of diffracting structures, such as rough-
increasingly required in the microparts industry. ness parametef8—9]. One reason is ascribed to the difficulty
Here we describe an optical measurement method thatof determining the phase of the diffraction field. Recently, an
can be applied to the in-process measurement of microsur-apparatus for directly measuring the phase of the diffraction
face profiles. In the present method, spectral information of field was proposed by Destouches et al. and applied to the
a surface profile is obtained by measuring the Fraunhofer surface reconstructidi0]. However, in-process implemen-
diffraction intensity. The surface profile is then reconstructed tation of this technique is not straightforward. Meanwhile,
from the measured spectrum by the phase retrieval techniquewne previously proposed the basic idea of using the phase re-
trieval technique for deterministic profile reconstruction from
m onding author. Tel81-6-6879-7321 faxs 81-6-6879-7320 the diffraction intensity11], and the iterative phase retrieval
E-mail a%dress?aguchi@optim.mech.eng.osayka-lj.ac.jp (A Taguchi). algorithm of F_IenuP typ§,12,13]was adopte_d In Our_ recent
1 present address: Department of Precision Engineering, The University WOTK [14]. This report is based on the continuous improve-
of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-8656, Japan. ments and developments in our present work.
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In what follows, the general principles of the proposed object wave. By the Fraunhofer formula, the diffraction field
method is described iSection 2 Sections 3 and dre dedi- U(X, Y) at the spatial coordinaté¥, Y) in planer” is given
cated to describing the basic concept of the instrument designas
and the optical instrumentation. The resolution, sampling re- >

. . L . . 2 (X Y
quirements, and illumination conditions are also described. U(X, Y) = // V(x, y)exp[_l_ <_x + _y>] dx dy,

The experimental results and discussions are presented in D A NS f
Section 5 ®3)

where f is the distance to focal plang from the lens, and
the integration is taken over the ar@&nof object planelT
covered by the illuminated area on the surf§ts]. Stan-
dardizing the spatial coordinat€¢X, Y) by the product of
the lens focal lengthf and the wavelength, we obtain
U(p, ¢)|? = |UX/rf Y/AP)|?, a mapping of the power
spectrum density (PSD) of the object wave, from the mea-
sured diffraction intensity (X, Y) = |U(X, Y)|2. The infor-
mation of the surface profile is recorded in the form of the
spectral intensity at the corresponding spatial frequency in
the spatial frequency domain.

Fig. 2 shows a schema of surface profile reconstruction
V(x, y) = |V(x, y)|explio(x, y)], (1) from the PSD of the object wave. The PSD provided from the
measured diffraction intensity is a second-order information,
. while the object wave is fully characterized by its complete
0(x, y) = —h(x, y), 2) Fourier spectrum that is in general a complex-valued func-

A tion. The lack of information is supplemented by measuring
is the phase difference broughtinto by the heightirregularities the intensity of the object wave (object intensityy, y) =
inthe surface, anilis the wavelength of the incidentradiation | V(x, y)|2. With the pair of intensity data measured in both
used. the spatial and spatial frequency domains, phase retrieval al-

The object wave gives rise to a Fraunhofer pattern in the lows us to determine the phase of the object wave. The sur-
lens focal plang”, which greatly depends on the phase of the

2. Principle of measurement
2.1. Spectral analysis of surface profile and synthesis

An object having the surface profilgx, y) is located in
object pland1, as shown irFig. 1 The object surface is co-
herently illuminated by a plane monochromatic wave inci-
dent normal to planél. The complex amplitude of the scat-
tering light from the surface (we will refer to this as object
wave here) is expressed as

where

Diffraction Intensity Surface profile

Spatial frequency 1X,V)=|UX, V) h()‘c,y)
domail —
o > B Diffraction field ,
UX.y) Object wave phase
4 "1 00y = ey
Focal plane T’
\/A Spatial domain Spatial frequency domain
f Imaging system
A R N \ BEEEEEEE
' | Objectwave |, FT | Difraction field |
— ! ’ — : '
| V= |V]ed U =|Uje® !
— | Ve Ul | !
/ ' _______________________________________
/ A
\' [ = Measurement
_— Lens pmmmmmmm . ) BEREEEEE
' | Object intensity Diffraction intensity | :
) ] iGey) = V) IX.Y)=|\UX P |
Object wave V(x,y) N 70"
L arg V(x,y) = 4T”h(x,y)
Spatia omai

.////@W Phase retrieval

Object plane T1 Fig. 2. Schema of surface reconstruction. Surface profile, or equivalently, the
phase of the object wave is determined from two intensity data: diffraction
Fig. 1. Schematic of optical system for obtaining Fraunhofer diffraction. The intensity in the spatial frequency domain and object intensity in the spatial
power spectrum of the object wave can be obtained by measuring diffraction domain. Phase retrieval technique is used for the phase determination. FT,
intensity. f, focal length of the lens. Fourier transform.
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Start

kth estimate of the object wave

=| Gu(p, @) = |Gu(p, @)l expliOu(p, 9)]

gu(x, ) = [V(x,y)| explifi(x, y)] S (o)
A
Y
New estimate of the object wave Calculation of normalized rms error
gis1(x,¥) = |[V(x, y)| expli€(x,y)] i " 2
2 _ // 1U(p. 9l - 1Gp. @)l dpdq

f .
.............................. . [, ofdpdq
' Replace |g;(x,y)| with the measured : -

' modulus |V(x,y)|. . i
i Replace |Gy(p,q)| with the measured |
G » Phase solution rmodulus |U(p.q)|- i
onverged B(x,y) =0)(x,y) | T I ---------------

Estimate of the Fourier spectrum
3G ()] Gi(p: @) = [U(p, )| expliOi(p, ¢)]

€/(x,) = |gi(x. )| expli6)(x. y)] }:

Fig. 3. Block diagram of the phase retrieval algorithm. The convergence of the algorithm is monitored by calculating the normalizedlﬂﬁuﬂefirmi’.‘i‘1
are the Fourier transform operator and its inverse, respectively.

face profile is calculated from the determined phase using The convergence of the algorithm is monitored by calcu-

Eqg. (2) lating the normalized rms erroE,f, defined in the spatial
frequency domain, by
2.2. Phase retrieval algorithm U _1G 2dnd
E2 = S/ (1}7f61|)[|]( | )1];1(;, qo)ll] pdg @)
A block diagram of the phase retrieval algoritHe5] p-@)17apaq

is shown inFig. 3. The algorithm involves iterative Fourier  The value of rms erroE,f decreases at each iteratip.

transform back and forth between the spatial and spatial fre-.l.he iterations continue until the value of ernbf converges

guency domains and the application of the measured intensityto be sufficiently equal to zero or remains unchanged with

?hatztw'teacrt]' dom;m. Den;)r;ung e:.n eit'mfaiﬁ of Lhe pt)hase fora number of further iterations. When the erE;} reaches a
e iteration as);(x, ), the estimate of the object wave minimum, a solution has been found. Note that the solution

ge(x. y) is expressed ag(x. y) = [V(x, )IEXPUbe(x. ] 5 ynown to be almost always unique, except for minor am-
The following four steps are applied |terat|yely to this esti- biguities such as rotations by, linear shifts, and multipli-
mate,gx (x, y): (1) Fourier transform the estimate of the ob- cation by a unit magnitude complex constiit

JteCt v¥ave; (th rt(r—:;place the rgo':dulu_s of thde IreSltJqung Fourier In order to lessen the computation time required as well as
ranstorm wi € measured Founer moaulus to form an €s- 4, .o yqye the minor ambiguities in the phase solution, it is

timate 0 f the Fourier spgctrum; (3) inverse Fourier transform desirable to make an educated guess at the correct phase dis-
the estimate ofthg Founer.spec'trum, and (4) replace the mOd'tribution as the initial estimate of the algorithm. Indeed, we
ulus of the resulting function with the measured modulus to

f timate of the obiect This is d ibed b are concerned here with engineering surfaces, which are usu-
orm anew estimate ot the object wave. 1his Is described by ally processed according to the designed geometrical quan-

Ge(p, q) = |G (p, @)1 expli®k(p, 9] = Jler(x, V], (4) tities such as dimensions or size parameters. Such a priori
knowledge about the engineering surface should be used as
G (p.q) = |U(p, @)1 expli@k(p, @)]. (5) the initial estimate of the iterative algorithm.

g (x, y) = Ik (x, v explig(x, »] = I UGL(p, @], (6)
3. Instrument design
gk+1(x, y) = |V(x, y)| explifr+1(x, )]

= |V(x, y)| exp[i6; (x, )], (7) 3.1. Imaging system

whereG(p, q) and®,(p, q) are the estimate of the Fourier A conceptual diagram of the imaging system for measur-
spectrum and its phase, aficindJ~! are the Fourier trans-  ing the required two intensities is shownfiy. 4 Because it
form operator and its inverse, respectively. is very important to obtain the power spectrum of an object
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We use the value ofA given by Eq. (10)as a theoretical
criterion of the lateral resolution.

ceD Microscope

R — 3.1.2. Sampling

The pixel format of CCDs required for properly sampling

! ! each intensity data is derived from the size of intensity im-
: ages and the sampling theorem. First, we discuss the pixel
Tube 'Ef”S format required for the measurement of diffraction intensity.
: T : — Letting Dy and f be the diameter of the diffraction field in

l ' Diffraction he back focal plané” and the focal length of the object

: Beam splitter | intensity the ack focal planég” and the focal length of the objective,

: ! respectively (se€ig. 4), Dr is given byEq. (9)asDy =
i Relay xM ccD 2f x NA. This is magnifiedM-fold by the relay optics and

' D, ]L B then, D, the size of the diffraction field in the image plane
s B ol | I’ is given by

. . r

! fD A E Dpr = 2Mf x NA. (11)
Objecm./e For obtaining high-frequency components up to the upper
D_”.| e limit of the bandwidth, the device size of the CCD must be

————n. larger than the value db~. On the other hand, the sampling
: interval of the diffraction intensity is given according to the

frequency sampling theorefh6]. When the object wave has

Fig. 4. Conceptual diagramiillustrating an imaging system for measuring two he extentD7 in object planen the spectrum of the object

intensities. Object intensity in plarn@ is measured using the configuration . . .
of the optical microscopy, while diffraction field appearing in the objective wave must be SampIEd with an interval of less thmﬁ In

back focal pland is relayed onto its conjugate plafi®. I7’ is the image the spatial frequency domain, which corresponds to the in-

plane of the microscope, focal length of the objectivelf, magnification terval of A/ Dy in planeI". Thus, in image plané”, the

of the relay optics. diffraction intensity is required to be sampled with the max-
imum interval of

wave at correctly corresponding spatial frequencies, an ob- Af
jective is used for the transforming lens. Pldngthe objec- ADpr =M x Dn (12)
tive back focal plane in which the diffraction field appears,

exists inside the barrel of the objective. We use relay optics For the measurement of the object intensity, the image size

so that the diffraction intensity is measured on the conjugate p ;, in image pland?’ and the maximum sampling interval
planel™. On the other hand, the object intensity is measured at the Nyquest sampling rate are written as

by the configuration of an optical microscope consisting of an

objective and a tube lens. Because a beam splitter is insertedp ;, — mDj;, (13)
in the optical path, an infinity-corrected optical microscope
is a suitable choice. 1 1 NA

3.1.1. Lateral resolution

The lateral resolution in the present method is limited by wherem is the magnification of the optical microscope.
the bandwidth of the spectrum measured. Assuming thatthe A typical example is shown ifiable 1 In the calculation,
imaging system is shift invariant and obeys the sine condi- the value of the field of view of a standard optical microscope
tion, the bandwidth of the spectrum depends on the objectivehaving a field number of 20 has been used as the value of
numerical aperture (NA) and the wavelengtiin accordance  p;, the extent of the object wave. While this definition ex-

with the formula[15] amines a critical condition, in the actual instrumentation we
2 set the illuminated area of the object smaller than the field
NA . . .
PP +q° < <_> . (9) of view so as to ease the requirements for the pixel format
A and achieve a balance between the applicability of a commer-

. . cially available CCD camera and the designed performance
The maximum spatial frequency that can be measured by the y g P

. ) ) . X of the instrumentation.
system Is NM‘.ThUS’ the perlgdA, of the_ finest smu_smdal As described irsection 4we adopted the optical layout in
phase distribution resolvable in the spatial domain is

which both diffraction and object intensities are measured by
A a single CCD camera. In this case, the requiremenExnst

A= NA® (10) (11)—(14)must be satisfied simultaneously by a single CCD.
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E;Eifallpixel format of CCDs required for sampling intensity data

Objective® Diffraction intensity Object intensity

NA f (mm) m Image size D+ (mm) SamplingADf (um) Image sizepp (mm) SamplingADp (pm)
0.55 4.00 50 17.6 9.76 20.0 22.2

0.80 2.00 100 12.8 9.76 20.0 30.5

In the calculations, wavelength was set at 488 nm and the magnification of the relay optics was set at four times. As th® yalthe @xtent of the
object wave (se€ig. 4), we used the value of the field of view of a standard optical microscope having a field number of 20.
bNikon catalog.

3.2. lllumination system Table 2
Typical values calculated for illumination desfgn

A plane wave incident onto the object surface can be objectivé Waist diametet Wavefront errot
aphleveq using the telepentrlc system shown onthe nght-handNA—W 200 () 5 (hm)
side of Fig. 5. A laser is used as the light source. A point
source of the laser is projected onto the back focal point of 9-5° 400 i S
the objective through two auxiliary lenses, then projected 0.80 2.00 79.80 0.76
away to infinity. Zﬁlilk\(/)er:ll::i;\;egre calculated with the wavelength of 488 nm.

In designing the illumination condition, propagation char- _ : -
acteristicg, of g Gaussian beam were takerF: intpo gccount. First, c%ﬁ?gﬁfggggige@wﬁi S;rzte tf;f‘ It.: @ back focal plane of the
the area of illumination on the object surface, i.e. the mea-  dgyaluated at = £100um. H
surement area, was evaluated from the diameter of the beam
waist of the incident Gaussian beam. (The diameter is de-
fined by the full-width measure at which the beam intensity
has fallen to %e? of its axial value, which is denoted byi3
on the left-hand side dfig. 5.) Second, the wavefront radius
of curvature at a certain distance from the waist was consid-

ered. Because the wavefront of the incident beam is to be
biased on the reconstructed phase, sufficient flathess of the
incident wavefront should be kept even when illumination is
defocused.

We defined wavefront erraf using two parameters that
describe the propagation of the Gaussian beam, as shown in

l Fig. 5 W(z) is the 1/e half-width (radius),R(z) is the wave-
Objective W e e
71 [ ~|  __ | Lasersource N
i z ' Cooled CCD camera
' ! Pixels 2048x2048, 9x9um
f T : Dynamic range > 75dB
E — T '
! Auxiliary lens |
' | Tube lens
N\ /o ! =T =200
W(z / E L X
@ ! Objective . Mirror BS
5 : | 74
Wavefront ' : ! Y ¢ 94
f — ! : Shutter
RE) L Object plane | colimatey BEST =
e f=15 o t 4 | [Path
0o NN\ | W\
\ z=0 I \w | ‘_‘I § BS
) Object plane BS 7§
2o Objective2 [Pathl]'| |
Optical fiber N.A.0.10 L
Fig. 5. Schematic of the illumination optics (right-hand side) and the cal- Singlemode Objectivel
culation model used for designing the illumination conditiomoZand 2v N.A.0.55
are the beam diameter /& full-width measure) of the incident Gaussian Specimen
beam on the front and back focal planes of the objective, respectively. Wave- P
front error§ when illumination is defocused was evaluated usi@), 1/e Ar* laser source S
half-width of the incident Gaussian beam at an axial distanfrem the Wavelength 488nm tage

waist position, andk(z), wavefront radius of curvature at an axial distance
z. f is the focal length of the objective. Fig. 6. Schematic illustration of the optical configuration. BS, beam splitter.
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(a)

CCD camera

Fig. 7. Photograph of the developed instrument. (a) Instrument: OF, optical fiber. (b) Close-up view of the instrument: C, collimator; BS, za@,splitt
objective; S, shutter; M, mirror, TL, tube lens.



158 A. Taguchi et al./ Precision Engineering 28 (2004) 152-163
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Fig. 8. (a) Sketch of the specimen. (b) Surface of the specimen obtained by atomic force microscopy (AFM).



A. Taguchi et al./ Precision Engineering 28 (2004) 152-163

front radius of curvature, andis the axial distance from the
waist position. These parameters are given by the following
formulae[17]:

1/2

W(z) =wo | 1+ (’\—Z2> , (15)
0

R(z) =z |1+ (A_O) (16)

An example of the calculated values for two different ob-
jective specifications are shown rable 2 In the calcula-
tions, the wavelength was set at 488 nm and the &rvaas
evaluated at = +100pm. The waist diameterZy was
calculated from the beam diametew),2f 1557 um on the
back focal plane of the objective (s€ég. 5. This value

is based on the finally configured optical layout, see also
Fig. 6. An illuminated area of approximately 1@®n in di-
ameter is obtained when using the objective of NA0.55,
and 80um when NA = 0.80. In both cases, the calcu-
lated values of erroé are sufficiently small for achieving
vertical accuracy of nanometer. Under this illumination

159

9um x 9um; dynamic range of >75dB) is mounted on the
instrument to measure intensity images. Two intensities are
respectively measured by opening and shutting two shutters
to switch the paths. The instrument was placed in a clean-
room of class 5000. The developed instrument is shown in
Fig. 7. The two stages indicated Fig. 7aare used for the
alignment of the specimen and of the illumination optics.

5. Experiments

Experimental verifications were performed by measuring a
reference standard that was designed for characterizing SPM.
Although the principles of the present method works for gen-
eral three-dimensional structures, the periodic character of
the standard is suitable for the first fundamental verifications
of the proposed method.

5.1. Specimen
The specimen (VLSI standards STR10-440P) is illustrated

in Fig. 8a The specimen consists of an 8 mn8 mm silicon
die with a precisely fabricated silicon dioxide pitch cluster.

condition, measurements are not affected by the defocusTne cluster area is located at the center of the die and con-

of illumination, and hence, we require no precise position-
ing of the measured object. Furthermore, the large depth
of focus brings about stable illumination during in-process
measurements.

4. Optical instrumentation

The optical configuration of the developed instrument
is shown inFig. 6. An Ar ion laser (MELLES GRIOT
543-100BS; wavelength, 488 nm) is used as a light source,
and the laser light is introduced to the instrument via a
single-mode optical fiber. The collimator lens and objec-
tive2 produce a laser spot of 57 um in diameter on the
back focal point of objectivel. With this setup, the speci-

tains a grid pattern in a 4mm 4 mm area. The grid pat-
tern consists of an array of alternating bars and spaces with
a uniform pitch of 1Qum. The entire top surface of the die

is coated with a uniform layer of platinum, and the depth of
pockets is defined as 44 nm. The topography of the surface of
the specimen obtained by AFM (Digital Instruments; Veeco
metrology group, Nanoscope llla Dimension 3100) is also
shown inFig. 8h

men is illuminated by a Gaussian beam whose waist coin- |

cides with the specimen surface. As describedéattion
3.2 there is no requirement for precise positioning of the
specimen.

Light scattered from the specimen surface is gathered by
objectivel (Nikon CFIC-EPI PLAN ELWD, 50, NA of
0.55, WD of 8.70 mm), forming Fraunhofer diffraction in its
back focal plane; by exchanging objectivel, settings of lateral
resolution, field of view and working distance can be adjusted
S0 as to suit an individual specimen. The diffraction image is
magnified four-fold by the microscope optical system con-
sisting of objective2 (Nikon CFI PLAN, 4, NA of 0.10, WD
of 30 mm) and a tube lens, as indicated by pattRign 6. The
magnified image of the specimen surface is provided by the
optical microscope (path2 in the figure), which enables one
to measure object intensity. A cooled CCD camera (Apogee
Instruments AP4; Kodak KAF-4200; pixels, 20482048,

| 10um

—

Fig. 9. Measured object intensityx, y) = |V(x, y)|2. The obtained image
was cropped and only the central part is shown.
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Fig. 10. Measurement of diffraction intensityX, ¥) = |U(X, ¥)|2. Gray levels of the images are logarithmic. The scale bars correspond to a measurement on
the back focal plane of objectivel (sEwg. 6). (a) CCD image. (b) Image of the diffraction intensity obtained after image processing.
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5.2. Measurements of diffraction and object intensities T
c 1g Zeroth-order E
The illumination was directed to the center of the specimen. g i First-order ]
The measured diameter of the incident Gaussian beamwas & 0.1 3
approximately 16(um at its waist. Throughout the intensity g i ]
measurements, bias, dark, and sensitivity variations between ¥  0.01 ¢ Second-order
each pixel in the CCD chip were calibrated to improve the o E Tenth-order
signal-to-noise ratio of the measured intensity values repre- S 0.001 - .
sented in the CCD images. The lateral magnifications of the g l ]
imaging system were also calibrated. S 00001 L ]
The measured object intensityx, y) = |V(x, y)|? is E | | |
shown inFig. 9—the obtained image was cropped and only 10 5 o 5 10 L,
the central part is shown. A CCD image of the diffraction @ v Spatial frequency (x10° m™Y) v

intensity I(X, Y) = |U(X, Y)|? is shown inFig. 10a Gray
levels of the presented image have been stretched into the
logarithmic scale. A uniform separation of each component
of the Fraunhofer pattern was observed. The undesirable

1 1T T 1T = 1T " T T
25 lSecond-order

ments. Measurement noise and artifacts are greatly reduced,
and high-order components having weak intensity can be
distinguished clearly.

The power spectrum along the line Y-¥ Fig. 10bis
shown inFig. 11a Fig. 11bshows a detailed plot of the  Fig. 11. Plot of power spectrum calculated from the measured diffraction
high-order spectral components f¥” in Fig. 104. In these intensity. The spectrum is no_rmalized by the priqcipal maximum of the
figures, spectra are normalized by the principal maximum 2éroth-order component. (a) Line plot along Y= Fig. 100 (b) Detailed
of the zeroth-order component. Spectra up to the tenth orderpIOt of the high-order spectral components-{¥" in Fig. 108,
could be obtained, distributed over a dynamic range of more
than 100dB. Each successive spectrum is uniformly sepa- The surface of are&’ and the section profile along line
rated by 16 m~1, i.e. the reciprocal of the nominal pitch of X—X’ in Fig. 13bare shown irFig. 14a and prespectively.

o
a
X |
artifacts and measurement noise were removed by image £ 5 L Third-order 4
processing techniques based mainly on image subtraction £ L ]
and smoothing18]. In order to obtain sufficient signals f,,c’l 15 + lFourth-order :
for the high-frequency components having weak intensi- o » Fifth-order
ties, another exposure was taken with the exposure time § 10 l 7
controlled; then the two images were properly combined. 3 I Tenth-orderl ]
Fig. 10bshows the intensity image obtained after these treat- £ 5r LJ )
g O " I L Il | L A L ﬂ L A A L 1 L “ ‘A
2

2 3 4 5 6 7 8 9 10
Spatial frequency (X105 m'l)

—~
O
~

the specimen. The dimensions of the measured profile are in good agree-
ment with the nominal values of the specimen: pitch ofuh®
5.3. Surface reconstruction results and discussion and depth of 44 nm. As indicated ig. 14h the lateral res-

olution experimentally obtained from the slope at the side

An ideal surface profile corresponding to the nominal di- wall of the pockets was well reproduced by the theoretically
mensions of the specimens was used as the initial phase estipredicted value given big. (10) /NA = 0.89um.
mate of the algorithm, then 300 iterations followed. A curve
of normalized rms erroE,f against the number of iterations
is shown inFig. 12 After the rapid decrease within the ini- lp———
tial few iterations, the value of the normalized rms error de- '
creased to approximately 0.04.

The surface profile calculated from the reconstructed phase
usingEg. (2)is shown inFig. 13a and pFig. 13bis a magni-
fied plot of areaX' in Fig. 13a Each rectangular pocket hav-
ing the width of 5um is clearly distinguished. Ifig. 133
a circle having the diameter of the incident Gaussian beam,
160pwm, has been drawn. Shapes of each pocket were uni-
formly reconstructed inside the circle, while outside the cir- 0.01 ——— ““110 T “‘1‘50 ‘(300)
cle, the reconstructed profile was distorted. This indicates the
measurement area can be considered to be consistent with the
beam diameter of the incident Gaussian beam. Fig. 12. Iterations vs. normalized rms error.

o
i

(0.04)

Normalized rms error E?

Iterations
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(0.5

Fig. 13. (a) Surface reconstructed by phase retrieval. Surface height is represented by gray level. Diameter of the dashed circle correspandzdodhe d
the incident Gaussian beam, 16@. (b) Magnified plot of are& in (a).

The measured profile is slightly wavy, having, at most, the deviation. Systematic error, such as imperfections of
+5nm deviation in its height when compared with the the CCD chip and lens aberrations of the imaging sys-
one obtained by AFM [see aldeéig. 85. The wavy char- tem, can be compensated to improve the accuracy of the
acter is attributed to a physical property inherent to co- reconstructed profile; the majority of the CCD-oriented
herent imaging. In coherent imaging, the measured spec-problems can be eliminated by performing more careful
trum suddenly drops to zero outside the bandwidth of the calibrations of the CCD chip, while the error caused by
system. This brings about Gibbs phenomefit®] in the lens aberrations can be deconvolved on the basis of the
reconstructed profile (ringing effect). Noise in the inten- optical transfer function (OTF) of the present imaging
sity measurements can also be counted as other causes cfystem.
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of microsurface profiles in a production environment. Appli-

cation to the measurement of non-periodic surfaces will be
done in future work.
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