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Standard Reference Material 484 is
an artifact for calibrating the magnifica-
tion scale of a Scanning Electron Mi-
croscope (SEM) within the range of
1000 x to 20000 x. Seven issues, SRM-
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1. Introduction

Standard Reference Material (SRM)-484 is a
sample for calibrating the magnification scale of a
Scanning Electron Microscope (SEM). The SRM
consists of nickel layers separated by thin layers of
gold. Individual samples are mounted so that the
layers are viewed in cross-section and appear as
thin gold lines in a nickel substrate. The distances
or spacings between the gold lines are certified for
calibrating the magnification scale of an SEM. The
latest issue, SRM-484f, was certified for five spac-
ings, nominally of 0.5 pm, 0.5 pm, 1 pm, 3 pm, and
5 wm. A micrograph is shown in Fig. 1. However,
issues prior to 484f contained spacings between 1
pm and 50 pm,

SRM-484 was developed by Ballard at the Na-
tional Bureau of Standards (now NIST) in 1977 [1].
The first three issues, SRM-484, SRM-484a, and
SRM-484b, were calibrated using an electron mi-
croscope by comparing the micrograph of each
sample against the micrograph of a master sample
which had been measured with the NIST line-scale
interferometer system [2]. In 1980, studies by Swyt,
Jensen, and Hembree [3,4,5] led to the develop-

191

ment of a system for direct calibration. This system,
which combines a field emission scanning electron
microscope with an interferometer system, has
been used for calibrating SRM-484 since 1981 with
only slight modifications over the years. It has also
been used for confirming the diameters of
polystyrene spheres with nominal values of 3 um,
10 pm, and 30 pm. The approach is a pitch mea-
suring technique as shown in Fig. 2. More in-depth
detail can be found in Refs. [6], [7], and [8].

2. Physical Properties

The fabrication process developed by John
Young and Fielding Ogburn at NIST involves elec-
troplating a layer of bright nickel onto the surface
of a thin Monel sheet and subsequently electroplat-
ing alternate layers of gold and nickel to produce
layers of desired thickness between the gold layers.
The gold layer thicknesses are controlled to 200 nm
or less. The sheet is vacuum heat treated at 265 °C
for 16 h to relieve the residual stress in the layers.
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Fig. 1. A micrograph of SRM-484f.

Several composite sheets have been produced by
this process, each containing between five and ten
spacings in the range of 0.5 um to 50 um. For each
issue, individual samples of size 9 mm X9 mm are
sheared from a sheet and mounted sideways in a
steel holder for metallographic polishing. Normally
in a polishing process, soft material is removed
faster than hard material, but images from a scan-
ning tunneling microscope (STM), an atomic force
microscope (AFM), and a stylus profilometer all
reveal that, after polishing, the gold lines of the
SRMs protrude about 30 nm above the nickel sur-
face (Fig. 3). We speculate that a hard gold-nickel
alloy may have been formed by the heat treatment,
or the removal rate of nickel is faster than that of
gold due to the chemo-mechanical effects in the
polishing.
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Fig. 2. Micrograph of 3 pm latex spheres and the measured
data of backscattered electron intensity versus distance.

3. Instrumentation

The measuring system consists of a VG-HBS0A
field emission scanning electron microscope,
HP5526A laser interferometer, piezoelectric dis-
placement stage, wave generator and Digital
MINC/DECLAB 23 computer'. A system diagram
is shown in Fig. 4. A 30 kV, 5x107* A beam is
used. Such a low beam current is necessary to mini-
mize contamination marks on the SRMs. A scintil-
lator back-scattered electron (BSE) detector,

Certain commercial equipment, instruments, or materials are
identified in this papcr to specify adequately the experimental
procedure. Such identification does not imply recommendation
or endorsement by the National Institute of Standards and
Technology, nor does it imply that the materials or equipment
identified are necessarily the best available for the purpose.
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Fig. 3. An AFM image of one of the SRM-484¢ samples. The
section profile shows the height of the lines. The height of the
left most line is =24.5 nm. The height of the third line from the
left is =23.6 nm.

rather than a secondary electron detector, is used
because of the strong material contrast between
gold and nickel [9] for backscattered electrons. The
vacuum in the sample chamber of the SEM is
maintained at 3 1077 Pa during calibration.

In ordinary SEM operation, the electron beam is
scanned across the sample to obtain the image;
however, for SRM-484, the electron beam is held
stationary. The SRM is carried by the piezoelectric
displacement stage [10] and scanned across the
beam. The stage motion is driven by a high voltage
power supply (not shown in Fig. 4) whose output is
controlled by a programmable wave function gen-
erator. The reflector of the measuring leg of the
interferometer is mounted on the stage. A polariz-
ing beam splitter and the optics of the reference
leg are held stationary on the platform adjacent to
the stage. A schematic diagram of the optical sys-
tem is shown in Fig. 5.
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Fig. 4. System diagram of the NIST metrology electron micro-
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Fig. 5. Schematic drawing of the optical system of the metrology
electron microscope.
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As the stage scans, the computer records both
the displacement of the stage as measured by the
interferometer, and the current of the backscat-
tered electrons collected by the BSE detector.
Each scan takes 48 s to complete during which time
2000 pairs of distance measurements and intensi-
ties are collected. The time interval between data
points is approximately 25 ms. This is equivalent to
a distance of approximately 6 nm for SRM-484f
and 30 nm for the other issues which were mea-
sured at higher scanning speeds. The distance be-
tween the centers of any two gold lines is computed
as the difference between position readings under
the two corresponding intensity peaks. A typical
plot of SRM-484f data is shown in Fig. 6. The
peak-to-peak measurement technique produces an
unbiased estimate of the spacing between the two
gold lines. The measurement problem is quite dif-
ferent from the linewidth measurement problem
(3,4,11] where an unbiased estimate of width re-
quires a left-edge to right-edge determination. The
pattern of lines for SRM-484 prior to 484f is shown
at the top of Fig. 7, and SRM-484f is shown at the
bottom. An example of certified spacings is shown
in Table 1 for SRM 484f.

Table 1. A typical set of certified values for SRM-484f

Spacing Nominal value Certified value
lines 1-0 0.5 pm 0.568 um
lines 2-1 0.5 wm 0.579 um
lines 3-2 1 pm 1.108 um
lines 4-3 3 um 3.308 pm
lines 5-4 S pm 5.392 um
[
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Fig. 6. A plot of measured BSE signal versus distance for one
SRM from issue 484f.
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Fig. 7. The lines pattern for SRM-484a-¢ (Top) and 484f (Bot-
tom).

4. Measurement Procedure

Although the measurement procedure has varied
slightly from issue to issue, for the last four issues it
has always involved multiple scans for estimating
the effects of both instrumental error and non-par-
allelism of the gold lines. For issue 484e, each sam-
ple was scanned across the beam three times at
each of three positions; for issue 484f, the number
of positions was increased in order to check on par-
allelism, each sample being scanned across the
beam nine times. The first three scans were at the
same location along the Knoop indentation mark;
the remaining six scans were at evenly spaced inter-
vals that span 15 wm above and below the indenta-
tion mark. Approximately 150 samples were
individually certified for each issue. During the pe-
riod of calibration of the issue, which lasts approxi-
mately 3 months, a master sample, previously
measured by the NIST line-scale interferometer
system, and a control sample, selected at random
from the samples in the current issue, are mea-
sured periodically in exactly the same manner as
the SRM samples. The measurements on the con-
trol sample are made with sufficient regularity to
cover the SRM certification in fairly even time in-
crements and sample the range of experimental
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conditions. The history of measurements on spac-
ing 0-1 of the control sample for SRM-484f is
shown in Fig. 8.

5. Components of Uncertainty

The uncertainties quoted in the calibration cer-
tificate for SRM-484f and its predecessors were
based upon an analysis of uncertainty arising from
random and systematic components, as described
by Eisenhart, Ku, and Collé [12]. Since the is-
suance of the calibration certificate, a new NIST
policy and associated guideline document [13] were
issued for the evaluation and expression of the un-
certainties of NIST measurement results. This new
policy, among other things, classifies uncertainty
components according to whether they are evalu-
ated by statistical methods or by other means, and
deemphasizes the use of the terms “random” and
“systematic.” Future calibration certificates and
publications concerning the SRM-484 series will
follow the new NIST guideline. However, the anal-
ysis here is based on the discussion of uncertainty
in previous calibrations.

The total uncertainties for the measured line
spacings are classified into random and systematic
components. The random component of uncer-
tainty depends on (1) instrumental precision, (2)
the raggedness or lack of parallelism for the gold
lines which causes disparities among positions on

the sample, and (3) long-term measurement preci-
sion. The systematic component of uncertainty de-
pends on the relationship between the measured
value of line spacing and that realized through line-
scale interferometry. A detailed description for
each component is given below,

1) Instrumental precision is estimated from repeti-
tive scans made at the same position on each
sample. For SRM-484e, there are three scans at
each of three positions and for SRM-484f, the
only repetitive scans are at the center position
on each sample. The measurement of the ith
scan at the kth position is denoted by xi
@ =1,1; k =1,~.K). Estimates of instrumental
precision are made according to

Sinst = ((I 1) (er JCk)Z)l/2

where

Il M~

x.

ol
.k I

2) Between-position precision is estimated from
the measurements at K distinct positions by

1 K 172
Sposition = ((T_"l—) k§1 (x.k —x..)z) ,

0.6 -
00163 um
058 30 Upper Control Limit
’E\ A
2
o 0.56 |-
£
3]
©
@
0.54 - 30 Lower Control Limit
052 \\Illl\I\lJ\IILAA_llll!l\!l\\\llll\ll!\JIllgpillJ_J

Jan. Feb.

Mar. Apr.
1991

Fig. 8. Control chart showing the 0.5 pm spacing measurements on the control sample for SRM-484f.
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where
1 K
=K k§1 k-

The estimates of instrumental precision are
pooled [14] over positions and the n samples to ob-
tain an overall estimate, Ginst, and the estimates of
between-position precision are pooled similarly to
obtain an overall estimate Gposition (the caret * sym-
bolizes a statistical estimate from data). Any lack
of parallelism is revealed in the standard deviation,

5 1 5 12
Olack = (o'position - Z)' oinst) .

For issue 484e, the value of Iy equals 3; for issue
484f, the value of Iy equals 1.2 to account for the
unequal number of scans at the seven positions
[15]. The results of the calculations for both SRM-
484e and SRM-484f are shown in Table 2. A com-
parison Of e and Gposiion Shows that G is
significant for issue 484e, especially for the larger
spacings, indicating a general lack of parallelism
for the SRMs in this issue. For issue 484f, Gl is
negligible indicating that, in general, parallelism is
not a problem for this issue. However, an individ-
ual sample from issue 484f could have parallelism
problems if sposiion for that sample is excessively
large; i.e., if

Sposition >V Fo.05(6,2n ) % s

where Foos(6,2n) is the upper 5 percent point of
the F distribution with 6 degrees of freedom in the
numerator and 2n degrees of freedom in the de-
nominator. Only 5 percent of issue 484f fell into
this category as should happen by chance; nonethe-
less, samples with large standard deviations were
examined and remeasured for confirmation.

3) A total standard deviation, s, is estimated from
the M calibrations on the control sample where
the average value over all scans for the mth cal-
ibration is denoted by y. (m=1,M). For
SRM-484f, the standard deviation is given by

SR -

where

I MX

1
V=M 20

m

The quantity s, as shown in Table 2, accounts for
both instrumental precision and long-term effects
which cannot be controlled in the laboratory. For
SRM-484e, the total standard deviation was esti-
mated for each position and then pooled over posi-
tions so as not to include parallelism problems.

Table 2. Component standard deviations, um

SRM-484¢
Instrument Position Total
Spacing Binst df Gposition df 5t df
1 0.029 1164 0.020 350 0.0167 117
2 0.031 1164 0.020 350 0.0193 117
5 0.031 1164 0.021 350 0.0199 117
10 0.031 1164 0.022 350 0.0210 117
30 0.032 1164 0.032 350 0.0239 117
50 0.032 1164 0.072 350 0.0361 117
SRM-484f
Instrument Position Total
Spacing l"‘msl df &posi!iun df St df
0.5 0.012 318 0.012 954 0.0071 44
0.5 0.014 318 0.014 954 0.0067 44
1 0.013 318 0.014 954 0.0085 44
3 0.016 318 0.015 954 0.0117 44
5 0.018 318 0.017 954 0.0172 44
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4) Systematic error relative to the defined unit of
length was studied with measurements on a
master magnification sample which has been
measured several times with the SEM and sev-
eral times with the NIST line-scale interferome-
ter system. The line-scale system has an
estimated (30) uncertainty of 0.01 pm. Differ-
ences between values obtained with the line-
scale system and values obtained with the SEM
help to identify systematic errors in either sys-
tem. The uncertainty (30) of measured differ-
ences between the SEM and line-scale system is
approximately 0.1 pm. The differences, as
shown for issues 484e and 484f in Fig. 9, are
within this uncertainty. For issue 484e, the dif-
ferences are fairly randomly distributed about
zero with a maximum of 0.012 pm and a mini-
mum of —0.018 pm. For issue 484f, the differ-
ences are larger with a maximum of 0.046 pm
for the 10 pm spacing.

The fact that the majority of the differences are
in one direction for issue 484f may result from the
treatment of the master sample. The SEM mea-
surements are made on a smooth surface and the
line-scale system requires an etched surface to in-
crease contrast. The master sample was etched and
measured with the line-scale system and then pol-
ished and measured with a SEM. The polishing

process may remove enough material to slightly
change the spacings relative to the etched surface.
Although we do not treat the differences as being
significant for the uncertainty statement, research
in this area is continuing.

6. Certification and Uncertainty

Distances between the centers of gold lines are
individually certified, and the certified region is lo-
cated relative to a Knoop indentation. The certi-
fied value for each spacing is an average of all
measurements, and the certification is valid within
15 pm of either side of an imaginary line extending
from the Knoop indentation normal to the gold
lines. The random component of uncertainty takes
into account instrumental variability, long-term
measurement fluctuation and any parallelism prob-
lem which affects the 15 pm region to either side of
the center.

For issue 484e, the standard deviation of the cer-
tified value is

1.,
s=(s¢+ 3 o).

Because of the parallelism problems with the
SRMs in this issue, the random component of
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Fig. 9. Difference between measurements made by line-scale interferometer and SEM on the master

sample.
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uncertainty is reported as a statistical tolerance in-
terval using an approximate Bonferroni [16] limit,

== 2.5‘ + l_ Z
L 2 Qack pi2.
X 0.05 ¢

The first term in L represents a confidence limit
and the second term represents an upper bound
due to G« Where y?os is the lower 5 percent point
of the x? distribution with v degrees of freedom,
and v, the degrees of freedom associated with O,
is obtained from the Welch-Satterthwaite approxi-
mation [17]. The quantity Z,. is the upper p/2 per-
cent point of the normal distribution with p =0.05.
The interpretation is that the interval defined by
the certified value of spacing =L provides cover-
age for at least 95 percent of the spacings within
the certified region at a confidence level greater
than or equal to 95 percent.

For SRMs without parallelism problems (issue
484f), the random component of uncertainty is re-
ported as 3 standard deviations, L =3s,.

Historical uncertainties for all issues of SRM-
484 are listed in Table 3. In all cases, the total un-
certainty was reported as = U where U is the linear
sum of the random and systematic components of
uncertainty or U = L + systematic uncertainty. The
systematic uncertainty is considered negligible for
issues 484e and 484f.

As an example, we also consider the uncertainty
that would be quoted for SRM-484f under the new
NIST guideline [13]. As discussed above, lack of
parallelism and the uncertainties arising from other
systematic effects have been considered as negligi-
ble. The combined standard uncertainty u. is then
purely statistical and given by u.=s.. The quoted
uncertainty under the new NIST guideline is then
the expanded uncertainty U = 2u.=2s.. Therefore,
the expanded uncertainties U would be 2/3 of those
given in Table 3 for SRM-484f.

7. Conclusion

It is essential for all SEM users to know the cor-
rect magnification of their instruments; the SRM-
484 is a sample for calibrating the magnification
scale of SEMs. The certified values of spacings be-
tween gold lines in a nickel matrix are measured
with a metrology electron microscope and com-
pared with line-scale interferometry. Properties of
the SRM and the measurement system result in un-
certainties of approximately 5% for 0.5 pm spac-
ings and 1% for 50 pm spacings.
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Table 3. Historical uncertainties for SRM-484

SRM issue Nominal spacing Uncertainty
(nm) (um)
SRM-484 1 +0.039
2 +0.039
3 *0.039
5 +0.039
50 +0.710
SRM-484a 1 +0.039
2 +0.039
3 +0.039
5 +0.039
50 +0.476
SRM-484b 1 +0.032
2 +0.032
3 +0.056
5 +0.056
50 +0.580
SRM-484c 1 +0.022
2 +0.028
3 +0.034
5 +0.045
10 +0.078
20 +0.140
30 +0.200
50 +0.360
SRM-484d 1 +0.027
2 +0.033
3 +0.038
5 +0.048
10 +0.085
20 +0.140
30 +0.200
50 +0.330
SRM-484¢ 1 +0.058
2 +0.056
5 +0.061
10 +0.079
30 +0.102
50 +0.251
SRM-484f 0.5 +0.021
0.5 +0.020
1 +0.026
3 +0.035
5 +0.052
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