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Step height is widely used as one of the important nanometrological standards for the calibration of nanometrological instrume
alculation of step height, a method of determining a base straight line as a reference line is very important. In nanometrology,
eld of dimensional metrology, an associated feature (Gaussian associated feature), such as a base straight line, is normally cal
measured dataset of a metrological instrument on a real feature using the least squares method. The reliability of a base straig
epending on the position and number of measured points for the line and the uncertainty in step height calibration also varies de

he reliability of the base straight line. In this study, we carried the out step height measurement of micropatterned thin films (10
nm) using an atomic force microscope (AFM) equipped with a three-axis laser interferometer (nanometrological AFM) and eva
ncertainty in these measurements. From the uncertainty evaluation results, the uncertainty derived from the reliability of the pa

he base straight line was one of the major sources of uncertainty when the measured points for the base straight line were varied. A
ncertainty (k = 2) of less than 0.4 nm was obtained. Furthermore, the reliable range of an associated base straight line in a single
uch as that in an atomic step sample, was calculated and in importance of the calculation of the reliable range was shown in the
valuation and in determining the measurement strategy.
2005 Elsevier Inc. All rights reserved.
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. Introduction

Nanometrology, which is dimensional metrology on
he nanometer scale, is rapidly gaining importance. In
anometrology, length-standard-traceable measurements are
equired to certify the values obtained from measurements.
ational Metrology Institutes (NMIs) have developed length-
tandard-traceable nanometrological instruments, such as

∗ Corresponding author. Tel.: +81 29 861 4369; fax: +81 29 861 4042.
E-mail address: misumi.i@aist.go.jp (I. Misumi).

metrological atomic force microscopes (AFMs)[1,2], opti-
cal diffractometers (ODs)[3], metrological scanning electr
microscopes (SEMs)[4], and interferometrical microscop
(IMs) [5], which satisfy this requirement. The Natio
Metrology Institute of Japan, National Institute of Advan
Industrial Science and Technology (NMIJ/AIST) has de
oped an AFM equipped with anXYZ-axis laser interferomet
(nanometrological AFM) and calibrated nanometrolog
standards with values that are traceable to the unit of le
[6]. In the precision measurement of one-dimensional
grating standards (with a nominal pitch of 240 nm) usin

141-6359/$ – see front matter © 2005 Elsevier Inc. All rights reserved.
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nanometrological AFM, an expanded uncertainty (k = 2) of
approximately 0.35 nm was obtained[7]. Furthermore, the
intercomparison of pitch measurements was performed using
an OD, a critical dimension scanning electron microscope
(CD-SEM), and a nanometrological AFM, and the consis-
tency of the measurement results was confirmed[7]. As
described above, NMIJ/AIST has constructed a calibration
system of a 1D grating pitch using a nanometrological AFM.

In nanometrology, not only lateral direction measure-
ments such as 1D grating pitch measurement, but also vertical
direction measurements such as step height measurement,
are important since the thickness of a thin film is one of
the important elements of the International Technology
Roadmap for Semiconductors (ITRS)[8]. Stylus instruments
(STs), IMs, and metrological AFMs are mainly used in
calibrating step height. However, these instruments have dif-
ferent functions. NMIJ/AIST supplies step height calibration
services using ST and IM and will soon initiate a service using
a nanometrological AFM[9]. From the case of NMIJ/AIST,
it is evident that an ST is suitable for relatively large step
height samples (step height greater than 500 nm). An IM can
carry out noncontact measurements but requires a relatively
large step height pattern with a linewidth greater than 30�m.
Our nanometrological AFM is suitable for relatively small
step heights (less than 1�m) and pattern sizes (less than
10�m). The AFM is a flexible measurement instrument
c in
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be set at the center of the scanning range. Furthermore, the
scanning range requires three times the line-width of the pat-
tern to obtain sufficient measured data for the calculation of
the associated base straight line. However, the scanning range
is insufficient in some cases because of the limitations of the
pattern layout in the step height samples, such as atomic steps
[10–12]. In the calculation of step height, the manner in which
we determine a base straight line as a reference line is crucial.
In nanometrology, an associated feature (Gaussian associated
feature), such as a base straight line, is normally calculated
from a measured data set provided by a metrological instru-
ment on a real feature using the least squares method. The
reliability of the base straight line varies depending on the
position and number of measured points for this line, and the
uncertainty in the step height calibration varies depending on
the reliability of the base straight line. In this study, the step
height measurement of micropatterned thin films (nominal
step height values: 10, 7, 5, and 3 nm) was carried out using
a nanometrological AFM, and the uncertainty in step height
measurement was evaluated. In the evaluation of the mea-
sured uncertainty, the reliability of the parameters of the base
straight line obtained using the least squares method is con-
sidered as one of the important sources of uncertainty in the
measurement.
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ompared with the other two instruments, particularly
he measurements of small step heights, and is occa
lly used to calibrate step height samples with var
atterns.

For the step height calibration based on ISO 543
he patterns of step height standards are limited to iso
traight lines or grooves and the step height patterns ha

ig. 1. Atomic force microscope with three-axis laser interferometer (
robe unit, and interferometer units. The probe unit is not mounted in
. AFM with three-axis laser interferometer
nanometrological AFM)

Fig. 1shows a photograph of “a nanometrological AFM
etailed information on the nanometrological AFM
rovided elsewhere[1,6]. The nanometrological AFM is
tage scanning-type system, and is operated in the co

etrological AFM). The nanometrological AFM consists of a stage unAFM
otograph.
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AFM mode. It consists of a stage unit, an AFM probe unit,
and interferometer units. The probe unit is not mounted, as
shown inFig. 1. The stage unit comprises a piezo-driven
leaf spring stage, which is used as anXY-axis scanner, and
a tube-type piezoactuator, which is used as aZ-axis scanner.
The scanning area of this stage unit is approximately
17.5�m (X) × 17.5�m (Y) × 2.5�m (Z). A three-sided
moving mirror as the target of the interferometer units is set
on top of theZ-axis scanner. Each interferometer unit has
four optical paths on each axis and its resultant resolution
is approximately 0.04 nm. The laser sources of the interfer-
ometer unit are practical frequency-stabilized He–Ne lasers
with a wavelength of 633 nm (model 117A, Spectra-Physics,
Ltd.). The laser frequency is calibrated using an I2-stabilized
He–Ne laser, prior to the step height measurement. The
atomic force between a cantilever and a sample surface is
detected from the bending of the cantilever using a conven-
tional optical lever method. TheZ-axis scanner position is
servo-controlled so that the atomic force is kept constant
during theXY scan. The resultant displacement of theZ-axis
scanner, therefore, corresponds to the displacement of the top
of the cantilever at the contact point with the surface. TheXY
scan is servo-controlled using interferometer signals so that
the cantilever is positioned to the desired picture element of
an AFM image. TheZ-axis displacement is monitored by the
interferometer during the step height measurement. Since
t l to
t tion
o it of
l

3. Micropatterned thin film, measurement
conditions, and step height calculation

3.1. Micropatterned thin film and measurement
conditions

Fig. 2(a) shows a schematic drawing of a micropatterned
thin film sample. Thermal oxidized films of silicon substrates
were precisely wet-etched using buffered hydrofluoric acid
[13]. The thickness of the thin films was checked using the X-
ray reflectivity (XRR)[14] method and the etching conditions
were optimized. Thereafter, two-dimensional (2D) gratings
(with an approximately 3�m pitch and a 1�m groove) were
fabricated using the thin films. In this study, the nominal step
heights of the fabricated gratings, 10, 7, 5, and 3 nm, were
defined by the thickness of the thin films obtained by the
XRR method before the fabrication. The silicon substrates
were approximately 15 mm (X) × 15 mm (Y). The center of
the sample was used for the measurement. The scanning
range was approximately 5�m (X) × 5�m (Y) (Fig. 2(b)).
Fig. 2(c) shows a schematic drawing of the sectional view of
a micropatterned thin film. The step height measurements was
performed in a temperature- and humidity-controlled room
at 20◦C and 50%, respectively. The nanometrological AFM
system was set up on a vibration isolation system and covered
with an air turbulence shield to facilitate stable measure-
m bient
t dur-
i d thin
fi or the

mples
he AFM profiles of step height standards are identica
he displacement of the top of the cantilever, the calibra
f step height standards is directly traceable to the un

ength.

Fig. 2. Schematic drawing of micropatterned thin film sa
ents. The surrounding temperature of the sample, am
emperature, air humidity, and air pressure were recorded
ng the step height measurements of the micropatterne
lm, and the recorded data were used to compensate f

: (a) entire sample, (b) scanning area, and (c) cross sectionA–A′.
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Fig. 3. Procedure for calculation of step height.

refractive index of air[15] and the thermal expansion of the
samples[16].

3.2. Step height calculation

Fig. 3 shows the calculation procedure for the determi-
nation of the step height of the micropatterned thin films as
follows: (1) The slope of a base straight line is calculated
by the least square fitting method using the measured data
of the left and right parts. (2) Based on the calculated slope
of the base line, leveling is carried out and the offset of the
slope-corrected line is removed; thus, the base line derived
from the left and right parts becomes zero. (3) Following the
slope correction in theX–Z plane, the slope in theY–Z plane
is also corrected. (4) Step height is calculated as the distanc
between a point located on the top part and the base line. Th

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 theX-axis, 1�m/s, 5�m
(X) × 5�m (Y) and 128, respectively.Fig. 4(b) shows an
example of a line profile for step height calculation. The sam-
pling frequency of the laser interferometer signals inX, Y and
Z-axes was approximately 170 Hz and the sampling interval
of the laser interferometer signals in theX-axis was approx-
imately 6 nm.

4. Uncertainty in step height measurements

4.1. Source of uncertainty

The uncertainty in the step height measurements was
evaluated on the basis of “Guide to the Expression of Uncer-
tainty in Measurement (GUM) [17]” using a method similar
to that used for the pitch measurements[6]. Table 1lists the
sources of uncertainty in the step height measurements and
pitch measurements[6]. These sources are similar for both
the step height and the pitch measurements, except when
the uncertainty is derived from the calculation of the base
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ig. 4. (a) Nanometrological AFM image of micropatterned thin film (n
or step height calculation. The measured data between the left and r
e
e

straight line in the step height measurements. The u
tainty derived from the base straight line calculation has
component. A method of evaluating this uncertainty is sh
in the next section. Details of the methods for the evalua
of other sources of uncertainty are provided elsewhere[6].

al step height: 10 nm; scanning range: 5�m× 5�m). (b) Example of line profil
reas are used in calculating the associated base straight line.



I. Misumi et al. / Precision Engineering 30 (2006) 13–22 17

Table 1
Sources of uncertainty in step height measurements and pitch measurements of 1D grating (the sources of uncertainty are similar for both step height and pitch
measurements, except when the uncertainty is derived from a base line calculation in the step height measurements)

Step height Pitch

I. Measurement I. Measurement
(1) Repeatability (1) Repeatability
(2) Nonuniformity (2) Nonuniformity

II. Slope correction II. Slope correction
(1) Cosine error (X–Z plane) (1) Cosine error (X–Z plane)
(2) Cosine error (Y–Z plane) (2) Cosine error (X–Y plane)

III. Laser interferometer III. 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 (CO2 density) (4) Refractive index of air (CO2 density)

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

Fig. 5 shows the criterion for the evaluation of step
height standards in ISO 5436-1. Three times the line-width is
required as the scanning range for this evaluation. However,
the micropatterned thin films do not have a sufficient scan-
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 method
is considered.

The following describes the calculation procedures for
the reliable range at any position of the associated feature,
Sm [18–21]. In the following calculations, it is assumed that
sectional features have random errors, no correlation, and a
normal distribution. The observation Eq.(1), the normal Eq.
(2), and the least squares solution(3)have the following rela-

F eight
s

tionships:

d = Ap, (1)

ÃS−1Ap = ÃS−1d, (2)

p = (ÃS−1A)
−1

ÃS−1d, (3)

whered is the measured data vector,A the Jacobian matrix,p
the parameter vector,S the error matrix of the measured data,
andÃ is a transposed matrix ofA. The error matrix of the
parametersSp and the error matrix of the calculated values
Sm are obtained, as shown in Eqs.(4) and(5). The diagonal
elements ofSp show the error variances of the parameters,
andSm shows the variance of the reliable range for a Gaussian
associated feature at any point on the associated feature. Eq.
(4) describes a transmission from the error of the measured
dataS to the errors of parametersSp, and Eq.(5) describes
a transmission from the errors of parametersSp to the errors
of the calculated valuesSm:

Sp = (ÃS−1A)
−1

(4)

Sm = ASpÃ (5)

If the errors of the measured dataS are known, the error
range at any point in the associated feature (the reliable range)
Sm can be calculated using a Jacobian matrix. The Jacobian
m ints.
T d
ig. 5. Schematic representation of criteria for evaluation of step h
tandards (ISO 5436-1).
atrix depends on only the position of the measured po
herefore, the error of the parametersSp can be evaluate
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from the position of the measured points and the error of the
measured dataS. The reliability of the calculated results can
be evaluated using the least squares method.

From the above equations, the reliable range at any posi-
tion of the associated featureSm can be calculated. The
procedure of calculating the reliability in the parameters of
the base straight line is as follows. Parametersp1 andp2 are
determined fromy-intercept and the slope. Then, from the
observations, Eq.(1) becomesd = p1 + p2x. On the basis of
the measured pointst1(x1, y1), . . ., tn(xn, yn), the Jacobian
matrix A of the straight line is expressed as

A =




1 x1

...
...

1 xn


 . (5)

Next, the error matrix of the parametersSp is obtained. It
is assumed that the measured points are positioned in bilat-
eral symmetry with respect to the origin in the area between
x =−0.5D and 0.5D, the measured points have no correlation
and the variance in the measured data isσ2

0. Then, the error
matrix of the parametersSp is expressed as

S

(
σ2

p1 0
)

˜ −1 −1 2




1

n
0




w
o

T

Fig. 6. Measured points for base straight line,n.

ply expressed as

A = (
1 x

)
, (7)

and the reliable range at any position of the associated base
straight line is expressed as

Sm = σ2
m = σ2

0

(
1

n
+ x2∑

x2
i

)
. (8)

The positions of the measured points (number: 2n) for
the base straight line are assumed as shown inFig. 6. Half
of the measured pointsn are positioned in the area between
x = D andlD at even intervals, and the remaining pointsn are
located in the area betweenx =−D and−lD. In this case, the
normalized reliable rangeσm/σ0 is expressed as

1

n + (l − 1)(n + 1) + 1
6n

(n + 1)(2n + 1)(l − 1)2
x2

D2
. (9)

Therefore, we can evaluate the reliable range of a base straight
line using Eq.(9).

Fig. 7shows the relationship between the normalized reli-
able rangeσm/σ0 and the normalized horizontal positionx/D
p =
0 σ2

p2

= (AS A) = σ0 
0

1∑
x2
i

 ,

(6)

heren is the number of measured points andxi is the position
f the measured data.

An associated base straight line is located on theX-axis.
herefore, the Jacobian matrix of straight lineA can be sim-

σm

σ0
=
√

1

2n
+

Fig. 7. Normalized reliable rangeσm/σ0 vs. normalizedX position in v
arious areas of measured data for associate base straight linel.
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(number of measured points, 2n = 100). The solid line shows
the normalized reliable range in the range of the measured
data for the base straight line withl = 1.4 (micropatterned
thin films), and the dashed line shows the normalized reli-
able range withl = 1.8 (ISO). The normalized reliable range
σm/σ0 with l = 1.4 is slightly larger than that withl = 1.8. The
step height of the micropatterned thin films is calculated in the
range of|x/D| < 0.4. The maximum normalized reliable range
σm/σ0 with l = 1.4 and|x/D| < 0.4 is approximately 0.11. This
range is then added to the evaluation of uncertainty in the
measurements as an uncertainty component.

5. Measurement results, uncertainty in step height
measurements and discussions

5.1. Major sources of uncertainty in step height
measurements

Fig. 8 shows six major sources of uncertainty and their
standard uncertainties.

5.1.1. Interferometer nonlinearity
The interferometer nonlinearity was the first major source

of uncertainty in the step height measurements as well as in
t d
u tely
0 idual
e opti-
m an

interference signal. Further adjustment of the optical system
and optimization of the correction parameters are needed. A
new method of reducing the interferometer nonlinearity is
discussed elsewhere[22,23].

5.1.2. Stability of laser frequency
The stability of laser frequency was the second major

source of uncertainty in the step height measurements, and
the standard uncertainty was approximately 5.2× 10−2 nm.
The standard uncertainty derived from this sourceu(fi) was
calculated using

u(fi) = vmax

f0
× �L × 1√

3
, (9)

wherevmax is the maximum Allan variance of the laser fre-
quency taken with various gate times,f0 the optical frequency
of a frequency-stabilized He–Ne laser, and�L is an optical
path difference between the measurement and reference arms
of the laser interferometer. Although an optical arrangement
with no optical path difference is a direct means of eliminat-
ing the uncertaintyu(fi), such an arrangement tends to require
much space in an AFM unit. The use of much stabilized
lasers reduces the maximum Allan variance, i.e., uncertainty
u(fi).

5
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m inties
a
d urce

F height nm, (c) 5 n
a

he pitch measurements of a 1D grating[6] and the standar
ncertainty of interferometer nonlinearity was approxima
.11 nm. The interferometer nonlinearity caused by res
rror in an interpolation process was already reduced by
izing the correction parameters of the elliptic error in

ig. 8. Major sources of uncertainty and standard uncertainty in step

nd (d) 3 nm.
.1.3. Repeatability
The repeatability of the measurements was one o

ajor sources of uncertainty, and the standard uncerta
pproximately ranged from 3.2× 10−2 to 4.8× 10−2 nm. It is
ifficult to decrease the uncertainty derived from this so

measurements, where the nominal step heights are (a) 10 nm, (b) 7m,
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as there are some factors that still need to be considered, such
as stability of probing, positioning accuracy of a scanning
stage, setting of the sample and drift in the interferometric
measurement.

5.1.4. Interferometer resolution
The resolution of the laser interferometer was another

major source of uncertainty, and the standard uncertainty
was approximately 2.2× 10−2 nm. The uncertainty can be
decreased theoretically if the number of optical paths or
the number of electrical divisions is increased. However,
there is some limitation of decreasing the total uncertainty
in this case since other uncertainties, for example, the stan-
dard uncertainty of interferometer nonlinearity, are greater
than the theoretical resolution of the laser interferome-
ter.

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-
dard uncertainty approximately ranged from 3.0× 10−3 to
1.6× 10−2 nm. However, this uncertainty will not be negligi-
ble when the measured data variation for the base straight line
σ0 increases, and either the data area for the base straight line
will be limited or the standard uncertainties derived from the
o por-
t y, as
d
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In this study, the nominal step heights of the fabricated
gratings, 10, 7, 5, and 3 nm, were defined by the thickness
of the thin films obtained by the XRR method before fabri-
cation. However, it cannot be said that the thickness of the
thin films and the step height of the fabricated gratings are
exactly the same. This is one of the major reasons for the
difference between the nominal step heights and the average
step heights.

There are some reasons for the offsets between the
measurement results obtained by the AFM and those
obtained by the XRR method. The XRR method is one of the
most precise measurement tools for determining thin film
thickness. However, the XRR method used in this study had
no traceability to the length standard or other SI standards,
and using this method, it was difficult to get rid of some
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).

Furthermore, there were some problems in the sample
treatment. Generally, step height standards are covered by
some metal film for protection. However, the samples used
in this study were not covered by any metal film; hence, their
step height might change with time.
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a ea-
s from
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f inty
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sure-
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h ples,
s oduc-
t line
c ns of
t re
a hs
o base
ther major sources will decrease in the future. It is im
ant to plan a measurement strategy in nanometrolog
escribed in Section6.

.1.6. Abbe error
The uncertainty derived from the Abbe error was the s

ajor source, and the standard uncertainty approxim
anged from 1.3× 10−4 to 3.8× 10−4 nm. The Abbe offse
as evaluated as approximately 0.5 mm, and the Abbe
as calculated using it. Detailed information is provided e
here[6].

.2. Measurement results and discussion

Table 2shows a list of the expanded uncertainties (k = 2)
nd averages of the step heights (nominal step heights:
, and 3 nm). The expanded uncertainty was approxim
.27 nm and the order of the uncertainty was same ord

o the size of silicon atoms. All average step heights o
amples were larger than the nominal step heights. The o
re significant considering the expanded uncertainties
rigin of these offsets is unclear; however, some possibi
re considered.

able 2
xpanded uncertaintyU (k = 2) and average step heighth

ominal step height (nm) 10 7 5 3
xpanded uncertainty,U (k = 2) (nm) 0.26 0.27 0.27 0.2
verage step height,h (nm) 10.5 7.7 5.5 3.6
. Discussion: measurement strategy

From the calculations of the normalized reliable ra
m/σ0, the number of measured pointsn was fixed and th
rea of the measured data for the base straight linel was
aried. If l is fixed, σm/σ0 can be obtained for variousn.
ig. 9 shows the calculation results of the normalized
ble ranges for variousn. When the number of measur
ointsn for the base straight line increases,σm/σ0 decrease
herefore, the uncertainty of the reliable range for the a
iated base straight lineσm/σ0 also decreases. However,
ur nanometrological AFM system, the multiplication of
umber of measured pointsn and the number of scanned lin
is constant, and is approximately 2.2× 105. If n decrease
ndk increases, the uncertainty of the repeatability of m
urements decreases; however, the uncertainty derived
he reliable range of the parametersσm/σ0 increases. Ther
ore, there is a trade-off relationship between uncerta
omponents.

The step height samples used in this study had mea
ent points for the base straight line on both sides of the
eight patterns. In the case of single step height sam
uch as the atomic step samples described in the intr
ion, the reliability of the parameters of a base straight
an be calculated using the same method. The positio
he measured points (number:n) for the base straight line a
ssumed as shown inFig. 10(a). It is assumed that all widt
f the terraces in the atomic step samples are the same. A
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Fig. 9. Normalized reliable rangeσm/σ0 vs. normalizedX positionx/D for various numbers of measured datan for associated base straight line.

straight line is calculated from the measured points between
−0.5D and 0.5D. The step height is calculated using the data
between 2.5D and 3.5D. The widths of the data areaD for
the base straight line and the step height calculation are equal
to W/3. From Eq.(8) andFig. 10(a), the normalized reliable

rangeσm/σ0 is expressed as

σm

σ0
=
√

1

2n
+ 12(n − 1)

n(n + 1)

x2

D2
. (10)

F
l
a
l

ig. 10. (a) Schematic drawing of cross section of atomic step sample.W is the wid
ine is calculated from the measured points between−0.5D and 0.5D. Step heigh
reaD is equal toW/3. (b) Normalized reliable rangeσm/σ0 vs. normalizedX posi

ine. σm/σ0 between 2.5D and 3.5D is 0.8–2.3.
th of the terrace in the atomic step sample. It is assumed that a base straight
t is calculated using the data between 2.5D and 3.5D. The width of the data
tionx/D in various areas of the measured data for an associate base straight
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Fig. 10(b) shows the calculation results of the normalized reli-
able rangesσm/σ0 for a various measured pointsn for a base
straight line. The normalized reliable range between 2.5D and
3.5D was approximately 0.8–2.3. These values were much
greater than those of the normal step height samples shown
in Figs. 7–9since the data area for the step height calculation
in one atomic step is not the midpoint of the data areas for
the base straight line. The reliable range of the parameters
for the base straight line maybecome one of major sources or
the first major source of uncertainty.

The measurement conditions can be optimized by cal-
culating the reliable range of the parameters for associ-
ated features under the limitations of our measurement
instruments. In the uncertainty evaluation results, the first
major source of uncertainty was the interferometer non-
linearity. In the near future, if interferometer nonlinearity
[22] and the other major sources of uncertainty can be
decreased, a measurement strategy involving the calcula-
tion of the reliable range for the associated feature, such as
the associated base straight line, will gain increasing impor-
tance.

7. Conclusions
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The step height measurements of micropatterned
lms (with nominal step heights of 10, 7, 5, and 3 nm) w
arried out using a nanometrological AFM, and the un
ainty in these measurements was evaluated. The exp
ncertainty (k = 2) was less than 0.3 nm. In the evaluation

he uncertainty, the reliability of the parameters of the b
traight line was considered as one of the sources of u
ainty. The uncertainty of the reliability of the parameters
he base straight line was the fifth major source of uncert
mong the twenty sources calculated. Furthermore, the
ulation method for the reliability of the parameters for
ase straight line was applied to the example of a single
eight sample, for example, an atomic step sample, an
ossibility of the uncertainty of the reliability of the param

ers for the base straight line becoming the first major so
f uncertainty was shown. The importance of conside

he reliability of the parameters for the base straight
as shown, particularly in determining the measurem
trategy for the step height measurements of samples
nique shapes.
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