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Abstract

Step height is widely used as one of the important nanometrological standards for the calibration of nanometrological instruments. In the
calculation of step height, a method of determining a base straight line as a reference line is very important. In nanometrology, which is a
field of dimensional metrology, an associated feature (Gaussian associated feature), such as a base straight line, is normally calculated from
a measured dataset of a metrological instrument on a real feature using the least squares method. The reliability of a base straight line varies
depending on the position and number of measured points for the line and the uncertainty in step height calibration also varies depending on
the reliability of the base straight line. In this study, we carried the out step height measurement of micropatterned thin films (10, 7, 5, and
3 nm) using an atomic force microscope (AFM) equipped with a three-axis laser interferometer (hanometrological AFM) and evaluated the
uncertainty in these measurements. From the uncertainty evaluation results, the uncertainty derived from the reliability of the parameters of
the base straight line was one of the major sources of uncertainty when the measured points for the base straight line were varied. An expandec
uncertainty k = 2) of less than 0.4 nm was obtained. Furthermore, the reliable range of an associated base straight line in a single step height,
such as that in an atomic step sample, was calculated and in importance of the calculation of the reliable range was shown in the uncertainty
evaluation and in determining the measurement strategy.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction metrological atomic force microscopes (AFM4)2], opti-
cal diffractometers (ODg$3], metrological scanning electron
Nanometrology, which is dimensional metrology on microscopes (SEM9g¥], and interferometrical microscopes
the nanometer scale, is rapidly gaining importance. In (IMs) [5], which satisfy this requirement. The National
nanometrology, length-standard-traceable measurements ar®letrology Institute of Japan, National Institute of Advanced
required to certify the values obtained from measurements.Industrial Science and Technology (NMIJ/AIST) has devel-
National Metrology Institutes (NMIs) have developed length- oped an AFM equipped with a&rZ-axis laser interferometer
standard-traceable nanometrological instruments, such agnanometrological AFM) and calibrated nanometrological
standards with values that are traceable to the unit of length
* Corresponding author. Tel.: +81 29 861 4369; fax: +81 20 861 4042.  [6]. In the precision measurement of one-dimensional (1D)
E-mail address: misumi.i@aist.go.jp (I. Misumi). grating standards (with a nominal pitch of 240 nm) using a
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nanometrological AFM, an expanded uncertairity: @) of be set at the center of the scanning range. Furthermore, the
approximately 0.35nm was obtaingg]. Furthermore, the  scanning range requires three times the line-width of the pat-
intercomparison of pitch measurements was performed usingtern to obtain sufficient measured data for the calculation of
an OD, a critical dimension scanning electron microscope the associated base straightline. However, the scanning range
(CD-SEM), and a nanometrological AFM, and the consis- is insufficient in some cases because of the limitations of the
tency of the measurement results was confirfidd As pattern layout in the step height samples, such as atomic steps
described above, NMIJ/AIST has constructed a calibration [10—12] In the calculation of step height, the manner inwhich
system of a 1D grating pitch using a nanometrological AFM. we determine a base straight line as a reference line is crucial.
In nanometrology, not only lateral direction measure- Innanometrology, an associated feature (Gaussian associated
ments such as 1D grating pitch measurement, but also verticafeature), such as a base straight line, is normally calculated
direction measurements such as step height measuremenfrom a measured data set provided by a metrological instru-
are important since the thickness of a thin film is one of ment on a real feature using the least squares method. The
the important elements of the International Technology reliability of the base straight line varies depending on the
Roadmap for Semiconductors (ITRB). Stylus instruments  position and number of measured points for this line, and the
(STs), IMs, and metrological AFMs are mainly used in uncertainty in the step height calibration varies depending on
calibrating step height. However, these instruments have dif- the reliability of the base straight line. In this study, the step
ferent functions. NMIJ/AIST supplies step height calibration height measurement of micropatterned thin films (nominal
services using ST and IM and will soon initiate a service using step height values: 10, 7, 5, and 3 nm) was carried out using
a nanometrological AFNO]. From the case of NMIJ/AIST,  a nanometrological AFM, and the uncertainty in step height
it is evident that an ST is suitable for relatively large step measurement was evaluated. In the evaluation of the mea-
height samples (step height greater than 500 nm). An IM can sured uncertainty, the reliability of the parameters of the base
carry out noncontact measurements but requires a relativelystraight line obtained using the least squares method is con-
large step height pattern with a linewidth greater thap.80 sidered as one of the important sources of uncertainty in the
Our nanometrological AFM is suitable for relatively small measurement.
step heights (less thanuln) and pattern sizes (less than
10pum). The AFM is a flexible measurement instrument
compared with the other two instruments, particularly in 2. AFM with three-axis laser interferometer
the measurements of small step heights, and is occasion{nanometrological AFM)
ally used to calibrate step height samples with various
patterns. Fig. 1shows a photograph of “a nanometrological AFM”.
For the step height calibration based on ISO 5436-1, Detailed information on the nanometrological AFM is
the patterns of step height standards are limited to isolatedprovided elsewher§l,6]. The nanometrological AFM is a
straight lines or grooves and the step height patterns have testage scanning-type system, and is operated in the contact

=

——— Z-axis laser
interferometer

L)

Fig. 1. Atomic force microscope with three-axis laser interferometer (nanometrological AFM). The nanometrological AFM consists of a stageFMit, an
probe unit, and interferometer units. The probe unit is not mounted in this photograph.
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AFM mode. It consists of a stage unit, an AFM probe unit, 3. Micropatterned thin film, measurement

and interferometer units. The probe unit is not mounted, as conditions, and step height calculation

shown inFig. 1 The stage unit comprises a piezo-driven

leaf spring stage, which is used asXrtaxis scanner, and  3.1. Micropatterned thin film and measurement

a tube-type piezoactuator, which is used &sexis scanner.  conditions

The scanning area of this stage unit is approximately

17.5pm (X) x 17.5um (¥) x 2.5pm (Z). A three-sided Fig. 2(a) shows a schematic drawing of a micropatterned
moving mirror as the target of the interferometer units is set thin film sample. Thermal oxidized films of silicon substrates
on top of theZ-axis scanner. Each interferometer unit has were precisely wet-etched using buffered hydrofluoric acid
four optical paths on each axis and its resultant resolution [13]. The thickness of the thin films was checked using the X-
is approximately 0.04 nm. The laser sources of the interfer- ray reflectivity (XRR)[14] method and the etching conditions
ometer unit are practical frequency-stabilized He—Ne laserswere optimized. Thereafter, two-dimensional (2D) gratings
with a wavelength of 633 nm (model 117A, Spectra-Physics, (with an approximately 3 m pitch and a Jum groove) were
Ltd.). The laser frequency is calibrated using gistabilized fabricated using the thin films. In this study, the nominal step
He—Ne laser, prior to the step height measurement. Theheights of the fabricated gratings, 10, 7, 5, and 3nm, were
atomic force between a cantilever and a sample surface isdefined by the thickness of the thin films obtained by the
detected from the bending of the cantilever using a conven- XRR method before the fabrication. The silicon substrates
tional optical lever method. Thg-axis scanner position is  were approximately 15 mnXj x 15 mm (/). The center of
servo-controlled so that the atomic force is kept constant the sample was used for the measurement. The scanning
during theXY scan. The resultant displacement of Faxis range was approximately im (X) x 5pum (Y) (Fig. 2(b)).
scanner, therefore, corresponds to the displacement of the tog-ig. 2(c) shows a schematic drawing of the sectional view of
of the cantilever at the contact point with the surface. Xfie  amicropatterned thinfilm. The step height measurements was
scan is servo-controlled using interferometer signals so thatperformed in a temperature- and humidity-controlled room
the cantilever is positioned to the desired picture element of at 20°C and 50%, respectively. The nanometrological AFM
an AFM image. The-axis displacement is monitored by the systemwas set up on a vibration isolation system and covered
interferometer during the step height measurement. Sincewith an air turbulence shield to facilitate stable measure-
the AFM profiles of step height standards are identical to ments. The surrounding temperature of the sample, ambient
the displacement of the top of the cantilever, the calibration temperature, air humidity, and air pressure were recorded dur-
of step height standards is directly traceable to the unit of ing the step height measurements of the micropatterned thin
length. film, and the recorded data were used to compensate for the

micropatterned thin film area
measurement location
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Fig. 2. Schematic drawing of micropatterned thin film samples: (a) entire sample, (b) scanning area, and (c) crogs-déction
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average of all step heights is defined as the step height of the
line profile.

Fig. 4(a) shows one of the nanometrological AFM images
of a micropatterned thin film, prior to slope correction. The
scanning direction, scanning speed, scanning range and the
number of scanning lines were thgaxis, 1um/s, 5um

(X) x 5um (Y) and 128, respectivelyrig. 4(b) shows an
example of a line profile for step height calculation. The sam-
pling frequency of the laser interferometer signalXjff and
Z-axes was approximately 170 Hz and the sampling interval
of the laser interferometer signals in tkieaxis was approx-
imately 6 nm.

Z Top

L]
e®e®

Left Right

oo—2 PNy
® ] T

(2) Leveling and offset (4) Average of step height

Fig. 3. Procedure for calculation of step height.

4. Uncertainty in step height measurements
refractive index of aif15] and the thermal expansion of the
sampleg16]. 4.1. Source of uncertainty

The uncertainty in the step height measurements was
evaluated on the basis ofliide to the Expression of Uncer-

Fig. 3 shows the calculation procedure for the determi- tainty in Measurement (GUM) [17]" using a method similar
nation of the step height of the micropatterned thin films as to that used for the pitch measuremejls Table 1lists the
follows: (1) The slope of a base straight line is calculated sources of uncertainty in the step height measurements and
by the least square fitting method using the measured datgpitch measuremen{$§]. These sources are similar for both
of the left and right parts. (2) Based on the calculated slope the step height and the pitch measurements, except when
of the base line, leveling is carried out and the offset of the the uncertainty is derived from the calculation of the base
slope-corrected line is removed; thus, the base line derivedstraight line in the step height measurements. The uncer-
from the left and right parts becomes zero. (3) Following the tainty derived from the base straight line calculation has one
slope correction in th&—Z plane, the slope in thE-Z plane component. A method of evaluating this uncertainty is shown
is also corrected. (4) Step height is calculated as the distancen the next section. Details of the methods for the evaluation
between a point located on the top part and the base line. Theof other sources of uncertainty are provided elsewf@re

3.2. Step height calculation

15.0
—~ 10,0ty | Left WY Right
E, 5.0 J Top
N 004 L
-5.0 T T T T I T
-693.5 00 1000.0 2000.0 3000.0 4000.0 45941
(b) X (nm)

Fig. 4. (a) Nanometrological AFM image of micropatterned thin film (nominal step height: 10 nm; scanning range: 5.m). (b) Example of line profile
for step height calculation. The measured data between the left and right areas are used in calculating the associated base straight line.
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Table 1
Sources of uncertainty in step height measurements and pitch measurements of 1D grating (the sources of uncertainty are similar for bothrsteittieight a
measurements, except when the uncertainty is derived from a base line calculation in the step height measurements)

Step height Pitch
I. Measurement |. Measurement
(1) Repeatability (1) Repeatability
(2) Nonuniformity (2) Nonuniformity
1. Slope correction 1. Slope correction
(1) Cosine errorX—Z plane) (1) Cosine errorX—Z plane)
(2) Cosine error—Z plane) (2) Cosine errorX-Y plane)
IIl. Laser interferometer IIl. Laser interferometer
(1) Frequency variation of the laser (1) Frequency variation of the laser
(2) Frequency stability of the laser (2) Frequency stability of the laser
(3) Change in dead path (temperature) (3) Change in dead path (temperature)
(4) Change in dead path (thermal expansion) (4) Change in dead path (thermal expansion)
(5) Interferometer resolution (5) Interferometer resolution
(6) Cosine error in optical alignment (6) Cosine error in optical alignment
(7) Abbe error (7) Abbe error
(8) Change in optical path (8) Change in optical path
(9) Interferometer nonlinearity (cyclic error) (9) Interferometer nonlinearity (cyclic error)
IV. Refractive index of air IV. Refractive index of air
(1) Refractive index of air (temperature) (1) Refractive index of air (temperature)
(2) Refractive index of air (humidity) (2) Refractive index of air (humidity)
(3) Refractive index of air (pressure) (3) Refractive index of air (pressure)
(4) Refractive index of air (C@density) (4) Refractive index of air (CQlensity)
V. Sample temperature V. Sample temperature
(1) Difference in sample temperature (1) Difference in sample temperature
(2) Thermal expansion (2) Thermal expansion

VI. Base straight line calculation
(1) Reliable range of parameters for base

4.2. Reliability of base straight line parameters tionships:

Fig. 5 shows the criterion for the evaluation of step d = Ap, @
height standards in ISO 5436-1. Three times the line-width is AS~1Ap = AS~1d, 2)
required as the scanning range for this evaluation. However, . e
the micropatterned thin films do not have a sufficient scan- p = (AS™*A) "AS1d, (3)

ning range for the base straight line approximation according
to the criterion. Therefore, in the evaluation of measurement
uncertainty, the reliability of the parameters for a Gaussian
associated base straight line using the least squares metho
is considered.

The following describes the calculation procedures for
the reliable range at any position of the associated feature,
S [18-21] In the following calculations, it is assumed that
sectional features have random errors, no correlation, and
normal distribution. The observation Hd), the normal Eq.
(2), and the least squares soluti@ have the following rela-

whered is the measured data vectArthe Jacobian matrix

the parameter vectd$,the error matrix of the measured data,
8ndz§ is a transposed matrix ¢f. The error matrix of the
parameters, and the error matrix of the calculated values
S,. are obtained, as shown in E¢4) and(5). The diagonal
elements of5, show the error variances of the parameters,
andS,, shows the variance of the reliable range for a Gaussian
associated feature at any point on the associated feature. Eq.
6(4) describes a transmission from the error of the measured
datasS to the errors of paramete8s, and Eq.(5) describes

a transmission from the errors of paramey$o the errors

3w of the calculated values;,,:
w
~ 1.1
w3 Wi w3 Sp = (AS71A) )

Sm = ASpA (5)

If the errors of the measured da8aare known, the error
range at any pointin the associated feature (the reliable range)
S can be calculated using a Jacobian matrix. The Jacobian

Fig. 5. Schematic representation of criteria for evaluation of step height Matrix depends on only the position of the measured points.
standards (ISO 5436-1). Therefore, the error of the paramet&;scan be evaluated

Left Top Right
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from the position of the measured points and the error of the Data area for step height:

measured datd. The reliability of the calculated results can <10-2D] (IS0 5436-1)
be evaluated using the least squares method. < 104D} (micropatterned thip films)

From the above equations, the reliable range at any posi- yeasured points for Linewidth of step height pattern, W
tion of the associated featu®;, can be calculated. The s straigntline, n Data area for base
procedure of calculating the reliability in the parameters of straight line
the base straight line is as follows. Parameggrandp, are \ / [
determined fromy-intercept and the slope. Then, from the N BA—\
observations, Eq.1) becomesi=p1 +pox. On the basis of .
the measured pointg(x1, y1), ..., t.(xs, y»), the Jacobian X

matrix A of the straight line is expressed as

1 x1 Fig. 6. Measured points for base straight line,
A=t 1| 5)
1 x, ply expressed as
Next, the error matrix of the paramet@;sis obtained. It A=(1 x), (7)

is assumed that the measured points are positioned in bilat- . . .
eral symmetry with respect to the origin in the area between and.the r.ellalble range at any position of the associated base
x=-—0.5D and 0.®, the measured points have no correlation straight line is expressed as

and the variance in the measured data@sThen, the error 1 2
. . 2 X
matrix of the parametes,, is expressed as Sy =0, =0§ (— + 5 2) . (8)
n xi
o2 0 } 0 The positions of the measured points (numbex). r
S, = rl _ (As—lA)—l _ Gg n 1 the base straight line are assumed as showfign6. Half
0 0132 0 of the measured poinisare positioned in the area between

> x,-z x=D andID at even intervals, and the remaining poimtsre

(6) located in the area betweer —D and—ID. In this case, the
normalized reliable range,,/oq is expressed as
Om 1 1 x2

o0 5+n+(l—1)(n+1)+6—{1(n+1)(2n+1)(1_1)25' ®)

wheren is the number of measured points apid the position Therefore, we can evaluate the reliable range of a base straight

of the measured data. line using Eq{(9).
An associated base straight line is located onXeis. Fig. 7shows the relationship between the normalized reli-
Therefore, the Jacobian matrix of straight lilm&an be sim- able ranger,,/o0 and the normalized horizontal positiefD
Data area for step height Data area for step height

calculation (|x/D] < 0.4) calculation (|x/D| < 0.2)

1=1.8 (1SO)

Normalized reliable range, om/ g0

/= 1.4 (micropatterned
thin films)

| L 1 L _ang 1 1 1

8:69
06 05 -04 -03 -02 -01 0.0 0.1 0.2 0.3 0.4 05 06
Normalized X position, x/D

o
as;

Fig. 7. Normalized reliable rangs, /o0 vs. normalized position in various areas of measured data for associate base straight line
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(number of measured points; 2 100). The solid line shows interference signal. Further adjustment of the optical system
the normalized reliable range in the range of the measuredand optimization of the correction parameters are needed. A
data for the base straight line wiftx 1.4 (micropatterned  new method of reducing the interferometer nonlinearity is
thin films), and the dashed line shows the normalized reli- discussed elsewhef22,23]

able range witti=1.8 (ISO). The normalized reliable range

omloo with [=1.4is slightly larger than that with=1.8. The 5.1.2. Stability of laser frequency

step height of the micropatterned thinfilmsis calculatedinthe  The stability of laser frequency was the second major
range ofx/D| <0.4. The maximum normalized reliable range source of uncertainty in the step height measurements, and
omlogwith/=1.4 andx/D| <0.4 is approximately 0.11. This  the standard uncertainty was approximately56 202 nm.
range is then added to the evaluation of uncertainty in the The standard uncertainty derived from this sour¢®) was

measurements as an uncertainty component. calculated using
VUmax 1
u(f;) = — x AL x —, 9)
5. Measurement results, uncertainty in step height fo V3
measurements and discussions wherevmax is the maximum Allan variance of the laser fre-
quency taken with various gate timg@sthe optical frequency
5.1. Major sources of uncertainty in step height of a frequency-stabilized He—Ne laser, anfl is an optical
measurements path difference between the measurement and reference arms

_ ) _ _ ~ of the laser interferometer. Although an optical arrangement
Fig. 8 shows six major sources of uncertainty and their with no optical path difference is a direct means of eliminat-

standard uncertainties. ing the uncertainty(f;), such an arrangement tends to require
much space in an AFM unit. The use of much stabilized
5.1.1. Interferometer nonlinearity lasers reduces the maximum Allan variance, i.e., uncertainty

The interferometer nonlinearity was the first major source u(f;).
of uncertainty in the step height measurements as well as in
the pitch measurements of a 1D grat[e§jand the standard  5.1.3. Repeatability
uncertainty of interferometer nonlinearity was approximately =~ The repeatability of the measurements was one of the
0.11 nm. The interferometer nonlinearity caused by residual major sources of uncertainty, and the standard uncertainties
error in an interpolation process was already reduced by opti- approximately ranged from 3:210-2t04.8x 102 nm. Itis
mizing the correction parameters of the elliptic error in an difficult to decrease the uncertainty derived from this source

012 [11E01 012 ~1.1E-01 Major sources of uncertainty
£ BE B e
£010 i S 010 [} peassd
= z - Relele
§ 0.08 o E 0.08 o I(1) Repeatability
§ 0.06 - 5.2E-02 E’E, 006 | . .[—52E02_4gr 0
> . =1 [
© 004 o —||[—32F02 B 004 Lo 111(2) Stability of laser frequency
3 R 22802 8 : 2202 .
€ 002 |- | £002 |} — - 1.2E
3 - @ 25603 38E04| 0 : % ] 20804 v
0.00 o L . 0.00 . . ; ; ; 111(5) Interferometer resolution
1 2 3 4 5 6 1 2 3 4 5 6 E
(a) 10 nm step height (c) 5 nm step height (I1)(7) Abbe error
012 1.1E01 012 ~1.1E01
€ 010 LI E 010 L1 111(9) Intenferometer nonlinearity
£ o008 || £ 008 (. |:|
£ t - ’
§ 006 ||l 52802, . 8 006 |!.-.1 52E02 VI(1) Reliable range of
g . TE € 4.2E-02 ;
E . S parameters for base line
© 004 1. o | 2004 (.
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§ 002 . P — § 0.02 - - ‘%*4,6503 3504 | * The numbers assigned to the
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(b) 7 nm step height (d) 3 nm step height correspond to those in Table 1

Fig. 8. Major sources of uncertainty and standard uncertainty in step height measurements, where the nominal step heights are (a) 10 nm, (bjr¥ nm, (c) 5n
and (d) 3nm.
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as there are some factors that still need to be considered, such In this study, the nominal step heights of the fabricated
as stability of probing, positioning accuracy of a scanning gratings, 10, 7, 5, and 3nm, were defined by the thickness
stage, setting of the sample and drift in the interferometric of the thin films obtained by the XRR method before fabri-
measurement. cation. However, it cannot be said that the thickness of the
thin films and the step height of the fabricated gratings are
5.1.4. Interferometer resolution exactly the same. This is one of the major reasons for the
The resolution of the laser interferometer was another difference between the nominal step heights and the average
major source of uncertainty, and the standard uncertainty Step heights.
was approximately 2.2 10-2nm. The uncertainty can be There are some reasons for the offsets between the
decreased theoretically if the number of optical paths or measurement results obtained by the AFM and those
the number of electrical divisions is increased. However, obtained by the XRR method. The XRR method is one of the

there is some limitation of decreasing the total uncertainty MOSt precise measurement tools for determining thin film
in this case since other uncertainties, for example, the stan-thickness. However, the XRR method used in this study had
dard uncertainty of interferometer nonlinearity, are greater N0 traceability to the length standard or other SI standards,

than the theoretical resolution of the laser interferome- @nd using this method, it was difficult to get rid of some
ter. bias from the obtained results. In general, it is difficult to

determine exactly where the interface between a silicon
substrate and an oxide film in thickness measurements using
the XRR method or ellipsometer. The offsets seem to be
caused by the difference between the measurement methods
(i.e., AFM versus XRR method).

5.1.5. Reliable range of parameters for base line
The uncertainty of the reliable range of the parameters was
small compared with the other four sources, and the stan-

. . 3
dard uncertainty approximately ranged from .00 to Furthermore, there were some problems in the sample

1.6 x 10~2 nm. However, this uncertainty will not be negligi- :
S ; . treatment. Generally, step height standards are covered by
ble when the measured data variation for the base straightline . .
: . ; . _some metal film for protection. However, the samples used
opincreases, and either the data area for the base straight liné

will be limited or the standard uncertainties derived from the " this s'tudy were not covergd by any metal film; hence, their
. . : I step height might change with time.

other major sources will decrease in the future. It is impor-

tant to plan a measurement strategy in hanometrology, as

described in Sectio6. . .
6. Discussion: measurement strategy

5.1.6. Abbe error ) ) From the calculations of the normalized reliable range
The uncertainty derived from the Abbe error was the sixth omloo, the number of measured pointsas fixed and the

major source, and tﬁe standard L:lncertainty approximately greq of the measured data for the base straight/livas
ranged from 1.3¢ 107" to 3.8x 10" nm. The Abbe offset  yayied. If / is fixed, o,,/o0 can be obtained for various
was evaluated as approximately 0.5mm, and the Abbe errorgig g shows the calculation results of the normalized reli-
was calculated using it. Detailed informationis provided else- gpje ranges for various. When the number of measured

where[6]. pointsn for the base straight line increases,/oo decreases.
Therefore, the uncertainty of the reliable range for the asso-
5.2. Measurement results and discussion ciated base straight line,/og also decreases. However, in
our nanometrological AFM system, the multiplication of the
Table 2shows a list of the expanded uncertainties 2) number of measured poinisnd the number of scanned lines

and averages of the step heights (nominal step heights: 10, 7k is constant, and is approximately 22L.0°. If n decreases

5, and 3nm). The expanded uncertainty was approximately andk increases, the uncertainty of the repeatability of mea-

0.27 nm and the order of the uncertainty was same order assurements decreases; however, the uncertainty derived from

to the size of silicon atoms. All average step heights of the the reliable range of the parametetg/og increases. There-

samples were larger than the nominal step heights. The offsetore, there is a trade-off relationship between uncertainty

are significant considering the expanded uncertainties. Thecomponents.

origin of these offsets is unclear; however, some possibilites  The step height samples used in this study had measure-

are considered. ment points for the base straight line on both sides of the step
height patterns. In the case of single step height samples,
such as the atomic step samples described in the introduc-

Table 2 _ _ tion, the reliability of the parameters of a base straight line
Expanded uncertainty (k = 2) and average step height can be calculated using the same method. The positions of
Nominal step height (nm) 10 7 5 3 the measured points (numbej:for the base straight line are

ixpaﬂded Uncher_tati]mﬁ (k=2) (nm) (1)622 3-?7 3-527 3?-:7 assumed as shown Fig. 1((a). It is assumed that all widths
verage step height, (nm) : : : : of the terraces in the atomic step samples are the same. A base
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Data area for step height calculation (micropatterned thin film), |x/D| < 0.4

Py
\*7

Normalized reliable range, gm/ g0

Normalized X position, x/D

Fig. 9. Normalized reliable rangg,/oo vs. normalized positionx/D for various numbers of measured datior associated base straight line.

straight line is calculated from the measured points betweenrangeo,,/og is expressed as
—0.5D and 0.B. The step height is calculated using the data
between 2.5 and 3.®. The widths of the data arda for Om 1 12(—1) x?

L . . — =t . (10)
the base straight line and the step height calculation are equalgyg 2n nn+1) D2
to W/3. From Eq(8) andFig. 1Qa), the normalized reliable
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Fig. 10. (a) Schematic drawing of cross section of atomic step safifptethe width of the terrace in the atomic step sample. It is assumed that a base straight
line is calculated from the measured points betwe@bD and 0.®. Step height is calculated using the data betweeb 2r%d 3.9. The width of the data
areaD is equal tow/3. (b) Normalized reliable rangg, /oo vs. normalized positionx/D in various areas of the measured data for an associate base straight
line. o,,/00 between 2.p and 3.9 is 0.8-2.3.
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