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urface topography is important to the function of many

kinds of industrial products, and the number of appli-
cations keeps increasing, making the need for adequate
control of surfaces and an understanding of surface topog-
raphy measurements more important than ever. This arti-
cle presents a brief review of surface topography
measurements. First, general ideas about surface topogra-
phy, largely from ANSI/ASME Standard B-46.1," are
described. Next, stylus profiling techniques, in particular
some of the parameters and statistics that result from
measurements using these techniques, are described. De-
scriptions of optical and scanned probe methods for sur-
face profiling follow and include some recent results. The
article concludes with a short section on area techniques.
For more extensive reviews of surface topography mea-
surement, please see other sources.

Figure 1 is similar to an illustration from the B-46.1
Standard on surface texture. It schematically shows a
surface produced by a unidirectional machining process
such as grinding. This surface has two orders of structure
produced by different processes: the roughness and the
waviness, each with a typical height and spacing. In gen-
eral, roughness consists of closely spaced irregularities
that may be produced by cutting-tool marks or by the grit
of a grinding wheel, and waviness consists of widely
spaced irregularities, often produced by vibration or chat-
ter during the surface forming process. For many kinds of
finishing processes these concepts are distinct, but for
some machining processes it is difficult to distinguish
between the two orders of structure. In addition to rough-
ness and waviness, the standard also defines errors of form
as long-period or noncyclic deviations from the ideal
surface. These might be caused by errors in ways or
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spindles or by tool wear during machining. Finally, we
distinguish flaws, which are discrete infrequent irregular-
ities in the surface topography such as cracks, pits, and
scratches. These are often caused by defects in the material
itself.

Itis conventional to define surface texture as compris-
ing roughness and waviness only and to define surface
topography as including errors of form and flaws as well
as surface texture. However, many people tend to use the
terms topography, roughness, and texture interchange-
ably. This paper primarily stresses the measurement of
roughness.

1. Applications

The applications of roughness and texture measurements
include traditional areas, such as automotive and other
metal-working industries, in which roughness heights of
the order of fractions of a micrometer are important to the
function of sliding components. \
The surfaces of hulls and propellers of ships should be
smooth to the order of several micrometers to minimize
hydrodynamic drag. However, the surface deterioration
caused by the marine environment can produce peak-val-
ley roughnesses of the order of several hundred microme-
ters.5 Therefore, the maintenance of smooth surfaces is an
important problem for the shipping industry.
Wind-tunnel models also require roughness and tex-
ture measurements. Our group in the Precision Engineer-
ing Division of the National Institute of Standards and
Technology (NIST) has performed roughness measure-
ments for the National Transonic Facility at NASA’s
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Fig.1. Surface characteristics and terminology

Langley Research Center. The aerodynamic models tested
in that wind tunnel should have surface roughness heights
less than 0.2 um so that they are aerodynamically smooth
under extreme conditions of flow.

For optical and x-ray components, the smoother the
surface the better, and roughncss heights of 1 nm or less
are necessary and are achieved.

Finally, the rates of certain surface chemical reactions
may depend on the presence of steps on surfaces. There-
fore, step heights and step densities may be cast as rough-
ness parameters in the field of surface chemistry.

2. Surface Topographic
Techniques

The field of roughness measurements may be divided into
two kinds of techniques: profiling and area averaging.
Profiling techniques measure surface heights point-by-
point with a high-resolution probe such as a stylus or a
focused optical beam, These techniques are usually accu-
rate and quantitative, Measured surface profiles may be
used to generate many statistical parameters and functions
of the surface that characterize the average peak height or
peak spacing,

We also include here bidirectional scanning methods
such as the scanning tunneling microscope (STM), which
yield three dimensional maps of surface topography, usu-
ally by accumulating and juxtaposing individual profiles
in a raster fashinn. The 3-D maps give a more complets
visualization -of the surface topography than individual
profiles do, and are particularly valuable for distinguishing
localized peaks and valleys from elongated features such
as tool marks and grain boundaries. The maps also provide
the data for a complete statistical description of a surface
that characterizes its anisotropy.
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Fig.2. Schematic diagram of LVDT stylus.

By contrast, with area techniques a few measurements
can yield a quantity that depends on some statistical aver-
age of the surface roughness. Because they rely on a few
measurements or perhaps a single measurement, area tech-
niques can be very fast and are thus potentially useful in
automated manufacturing. However, because the results
represent statistical averages of surface roughness proper-
ties, area techniques require physical models to derive
geometrical parameters of the surface, such as the rms
roughm:ss,,1 from the measured parameters. Examples of
area techniques include optical scatter, parallel-plate ca-
pacitance, and low-energy electron diffraction. Low-en-
cigy electron diffraction is ordinarily used by surface
scientists for determining crystal structure, but it has also
been used for estimating the average heights of steps and
widths of ledges on surfaces at the atomic level.” In the
following sections, we discuss a few of the more widely
used methods for characterizing ‘surface topography.
Many other techniques have been developed and have
important applications and are discussed elsewhere.2~

2.1 Stylus Techniques

The discussion of profiling techniques will begin with
stylus measurements. Figure 2 shows a stylus traveling
over a surface bump. The sensor is a linear variable-dif-
ferential transformer (LVDT).8 As the stylus moves verti-
cally, it changes the relative impedance of the coils and
hence unbalances an ac bridge. The resulting signal is
demodulated and amplified and yields a voltage propor-
tional to the surface height. The lateral resolution of the
instrument depends on the width of the stylus tip itself.
This is an important specification and it can be as small as
0.1 um for the best types of sytyli.10
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(from Ref. 1). The cutoffs for two RC filters are shown.

Figure 3 shows some typical height-versus-distance
profiles obtained from a stylus instrument. These two
profiles were measured for the Naval Ship Research and
Development Center (NSRDC), which was investigating
hydrodynamic drag on surfaces.!? The surface represented
in the upper curve was lapped to a finish with roughness
heights less than 1 pm. The other surface was artificially
roughened by ball end milling to produce increased drag,
resulting in a highly periodic structure. The NSRDC group
observed large differences in the hydrodynamic drags of
these two and other components because of the differing
degrees of roughness.

Figure 4, taken from ANSI Standard B-46.1,} shows
typical lateral ranges of sensitivity for stylus profiling
instruments. The sensitivity is unity in the middle of the
range. It is limited at the short-wavelength end by the
stylus tip width or often by the limitations in the high-fre-
quency electronic response of the detection circuit. At the
long-wavelength end the sensitivity may be limited by the
actual length of the surface profile or by low-frequency
resistance~capacitance (RC) filters that produce a long-
wavelength cutoff. The use of RC fxltermg is standard
practice in the mechanical parts industry! to distinguish
roughness from waviness, but not in the optical industry.
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Fig.5. Surface parameters.

Some useful surface parameters that may be calculated
from a surface profile are shown in Fig. 5, which shows an
idealized schematic profile y(x) measured over a distance
L. The profile may be digitized into N numbers, y1, y2,

<o s YN

Perhaps the most widely used parameter outside the
optical industry is the roughness average R,, a height
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parameter defined as the averagc deviation of the surface
* profile y(x) from the mean line.! Geometrically it can be
represented as the total ruled area divided by the evalua-
tion length L. Analytically it is given by

L 1
R=1f 1y @ldv. @

Digitally it is
¥ @
'ﬁz vl
i=1

A second parameter, the rms roughness, often symbol-
ized by o in the optics community, is the rms deviation of
the surface profile from the mean line. It is given by

1w 2%
o-[13 7

iml
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and is a more conventional statistical quantity than Ra.
Those two amplitude-averaging quantities are the most
widely used for industrial specifications.

For some applications, the peak-valley height is an
important parameter. It may be simply defined as the
vertical distance Ry, from the highest peak on the profile
to the lowest valley over the entire evaluation length of the
profile. Several other peak-valley height parameters have
also been defined to quantify the importance of the ex-
treme peaks and valleys on surfaces to various functions
of those surfaces.

The skewness Q is a shape parameter and is propor-
tional to the third moment of the height distribution of the
surface profile about the mean line (see Fig. 5). A similar
parameter, called the kurtosis, is proportional to the fourth
moment of the height distribution. Note that the first
moment is equal to zero and the second moment is equal
to the square of the rms roughness o. Figure 5 illustrates
a classic example of the importance of skewness for quan-
tifying load-bearing capacities of surfaces. The two sche-
matic profiles have the same R,, the same peak-valley
height, and the same spacings, but the skewness of one is

negative and that of the other is positive, and the surfaces -

have very different load-bearing capabilitics. The surface
with negative skewness can bear loads much better than
that with positive skewness.

The peak count and average wavelength are parame-
ters that quantify surface spatial wavelengths. The peak
count may be defined as the number of times the surface
profile crosses the mean line in the positive-going direc-
tion overa spec1ﬁed length The average wavelength (Fig.
5), developed by engineers in England isdefinedas2
times the roughness average divided by the average slope
A,. If the surface were perfectly sinusoidal, this quantity
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Fig.6. Power spectral density functions for a sinusoidal
roughness specimen (a) and a ground surface (c). A pro-
file of the ground surface is also shown (b). The square

root of the power spectral density is plotted here as the
ordinate.

would be exactly equal to the actual spatial wavelength of
the surface. The average slope A, itself is a hybrid param-
eter because it combines both height and distance mfor-
mation. It is ordinarily calculated by digital formulae!?
such as

Nel @
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where Xg is the lateral spacing of the digitized profile data.

Instead of trying to describe the profile in terms of a
single parameter, it can be described better by a set of
numbers, i.e., a statistical function. Two examples of the
several functions that are used are the power spectral
density and the probability density function. Figure 6
shows the power spectral density measured for two sur-
faces. The power spectral density is the square of the
Fourier transform of the surface proﬁle and thus provides
the decomposition of the surface profile into its wave-
length components. The power spectral density is plotted
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Fig. 8. Linearity test of LVDT stylus instrument.

as a function of the spatial frequency, the reciprocal of the
surface spatial wavelength. The upper curve is for a nearly
sinusoidal surface, which we use at NIST as 2 standard
reference material. If it were a perfect sine wave, it would
produce a single spike at the spatial wavelength of 100 yum
with a width characteristic of the measured surface-profile
length. This sinusoidal surface is not quite perfect, as is
shown by the small harmonics in Fig. 6. In this case, the
power spectral density is a good way to quantify the
sinusoidal perfection of a surface. In contrast, the power
spectrum of a ground surface replica is shown in the lower
curve. The inset (b) is a profile of the replica. The ground
surface replica is used as a comparison specimen for
checking grinding operations. The power spectral density
from the profile contains a lot of noise because of the finite
sampling, but it is generally monotonically decreasing. As
the surface wavelength gets shorter, the amplitude of the
power spectral density decreases. This monotonically de-
creasing behavior is a typical result for most surface fin-
ishing operations. In addition, the function generally peaks
and drops precipitously near dc (A = o) either because of
the low-frequency cutoff filters in the measuring instru-
ment or because the dc level of the surface profile is
subtracted before calculation of the power spectral density.

Another important function is the height density func-
tion, or amplitude density function.'* This function is
simply a histogram of surface heights. Figure 7 shows an
example of a surface profile and the associaled height
density function. When the profile y is digitized and sorted
into height bins, the height density curve p(y) shown at the
right is obtained. From both the profile and the height
density function, it is clear that the surface profile is
concentrated in the valleys. There is no spatial wavelength
information here, but much height information is con-
tained. Many of the height parameters of the surface, such
as g and Q, can be determined once the height density
function® has been calculated.

Figure 8 shows three height density functions of com-
ponents that we measured for the U.S. Navy. The periodic
surface T-5 was produced by ball end milling. It has peaks
at the high and low ends of the surface profile, as shown.
Contrast that with the painted surface (P-15), which has
considerable granularity, producing a random surface pro-
file and yielding the nearly Gaussian height density func-
tion shown. The height density for the smooth, lapped
surface, T-2, is a narrow spike when plotted on the same
scale as the other two.

Finally, the accuracy and calibration of stylus instru-
ments are important. Good accuracy requires a highly
linear transducer. That is, measurement of the same sur-
face height should not change over the range of the trans-
ducer. Figure 9 shows the results of a linearity test on a
LVDT stylus instrament. It shows the variation in the
results when a step height specimen is measured at four
different places in the range of the LVDT. The 10-um
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Fig. 10. Schematic diagram of a muitiple-beam interfer-
ometer and interferogram of a 26-nm step.
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Fig.11. Schematic diagram of a profiling interferomet-
ric microscope.

vertical range specified by the manufacturer is shown
horizontally as the chart limits at the lowest magnification
setting of the instrument. The four horizontal bars show
the position and approximate height of a 2.94-um step
measured for each of four positions: low, medium, and
high on the chart, and almost completely off scale. The
measured values for the step height are plotted vertically.
They were obtained by applying straight-line fitting rou-
tines to the low and high sides to give the step height.
Ideally, the four bars should line up horizontally across the
graph. The variation in the measured height over the chart
width is fairly small—only about 0.4%—so the linearity
is quite good. The linearity degrades slightly if one goes
off scale, jumping by approximately 1%. This variation is
typical of the linearity of many stylus instruments.

To calibrate the instruments, we use either calibrated
step heights or periodic surfaces. The latter are easier to
use and provide calibration of the instrument under the
dynamic conditions of roughness measurement. However,
step heights are usually more precise. Standard reference
materials ate avallable from NIST to calibrate profiling
instruments.1S These are sinusoidal roughness blocks with
certified values of both R, and spatial wavelength.

2.2 Optical Techniques

Optical profiling is a second way to acquire information
regarding surface topography. Optical profilers are non-
contacting and avoid the potential for surface damage
associated with the contacting stylus. The optical instru-
mentsreviewed here are all interferometric, although there
is another class of optical profilers, which are based on the
detectability of the focus of a light beam on the surfacel6
and have a vertical resolution nearly as good as that of the.
interferometers. Interferometric profilers have subnano-
meter vertica] resolution, whereas focus-detection profil-
ers have ~1 nm vertical resolution. Four types of optical
interferometric profilers will be described: the profiling
microscope, the scanning reference profiler, the circular
path profiler, and the differential profiler.

By way of mtroductlon, Fig. 10 shows a schematic
diagram of a Tolansky multiple-beam interferometer.
The reference flat and specimen are located at the focus
position of an optical microscope. The incident light is
reflected from both the specimen and the bottom surface
of the reference flar, which is in close proximity to the
specimen but slightly displaced. The interference between
the reflected beams produces fringes that represent surface
profiles, as shown on the right. The special feature of this
interferometer is the multiple reflection between the two
surfaces, which sharpens the interference fringes. Hence,
the multiple reflection improves the vertical resolution of
the profiles. The NIST Precision Engineering Division has
used this technique as one of several to measure the step
heights used for calibration standards. The photograph on
the right-hand side of Fig. 10 shows a 26-nm step, which
was calibrated directly in terms of a half wavelength of the
monochromatic sodium light source used here. One half-
wave is represented by the spacings of the fringes. Multi-
ple-beam interferometry has been useful for instrument
calibration, but it requires manual analysis of the fringes
or image analysis of the interferogram. Modern interfer-
ometers attempt to replace the manual analysis by auto-
mating the process with electronic phase measurements
that also extend the resolution limit. The resolution of
electronic phase-measuring interferameters is of the order
of 0.1 nm or better.

Figure 11 shows a schematic diagram of a prof' 5
interferometric microscope developed by Wyant et al. 181
In this version a Mirau interferometer is used. A slightly
different design using a F1zeau interferometer has been
developed by Smythe et al. %0 Light that passes through the
objective of the microscope is separated into reference and
test beams at the beam splitter. The interference between
the light reflected from the reference surface and the test
surface produces fringes sensed by the detector array.
Surface height is quantified by using the piezoelectric
transducer (PZT) to ramp the height of the reference
surface and vary the phase of the interference fringes.
Appropriate analysis of the sinusoidal intensity signal at
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Fig.12. Surface profile for a laser gyroscope mirror
measured with an interferometric profiler (from Ref. 21).

each detector element yields its relative phase in the inter-
ference pattern and hence the relative height of each
surface element. An interesting aspect of this interferom-
eter and those described below is the way they handle the
reference beam and the surface scanning. This instrument
has no scanning motion at all. Its output is either a two-di-
mensional profile or a three-dimensional map obtained by
electronic analysis of the linear or area detector array in
the camera.

One limitation of the interferometric microscope is
that profiling accuracy depends on the smoothness of the
reference surface. On the other hand, because there is no
scanning, there is no possibility of introducing profiling
errors from extraneous motions of a scanning stage. Figure
12 shows a profile for a laser gyroscope mirror.?* The
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Fig. 13. Schematic diagram of the polarization profiler
developed by Downs et al. (from Ref. 22).

indicated rms roughness is only 0.16 nm. Note that the
trace length is approximately 1.33 mm. The finest wiggles
on the profile illustrate the obtainable lateral resolution.
For all the interferometers discussed here, the lateral res-
olution is in the range of 0.5-5 um.

The interferometer shown schematically in Fig. 13 was
developed by Downs er al 21t does not require areference
surface. A birefringent lens preceding the microscope
objective splits the light into two polarization components.
One component, the probe beam, is focused on the surface,
and the other polarization component, the reference beam,
is unfocused. The phase difference between these two
components, the probe beam and the area-averaging ref-
crence beam, yiclds the surface profile. The principal
limitation of this instrument is that the reference beam area
is only approximately 10 um in diameter. Therefore, al-
though there is no need here for a nearly perfect reference
surface, the range of measurable spatial wavelengths is
limited by the 1-2-um size of the probe beam and the
approximate 10-pm width of the reference beam. Other-
wise, the instrument gives highly precise surface profiles
and has a vertical resolution better than 0.1.

A similar instrument, which also avoids the use of a
reference surface and which I call the circular path profiler,
is shown in Fig. 14. It is based on a desién of
Sommargrenx" and was developed by Smythe.24' The
incoming beam is divided into its two polarization com-
ponents by the Wollaston prism, and these components are
focused at different places on the sample. The reflected
beams are then recombined at the Wollaston prism. The
reference beam is coincident with the axis of rotation of
the sample, and the measuring beam traces a circular path
on the sample surface as the sample is rotated. The result-

Axis of Rotation

Sample Under Test

R Wollaston
N Prism

Fig. 14. Schematic detail of circuiar path profiler.
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Fig. 15. Surface profile of fused silica substrate mea-
sured by a circular path profiler (gray). Noise profile
(black).
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Fig. 16. Schematic diagram of differential profiler (from
Ref. 27).
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Fig.17. Surface profile of laser gyroscope mirror mea-
sured with differential profiler (from Ref. 21).
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Fig. 18. Surface profile of laser gyroscope mirror
obtained with a high resolution stylus instrument (from
Ref. 21).

ing surface profiles are circular and are defined by the
phase difference between the probe beam at the traversing
point and the stationary reference beam. Because of the
tight mechanical design, the vertical resolution is excel-
lent. The principal limitation is the circular profile geom-
etry with fixed length of ~1 mm.

Figure 15 demonstrates both the vertical resolution
capability of the circular path profiler and the quality of
the best optical surfaces. 25 1t shows a surface profile of
a fused-silica sample with a measured rms roughness of
0.026 nm. The noise curve was measured while the instru-
ment was held stationary without rotating, and its effective
rms roughness is approximately 0.005 nm.

A third instrument with two beam-probing is the dif-
ferential profiler of Eastman®® and Bristow et al.? (see
Fig. 16). This instrument has a Wollaston prism design
similar to that of the circular profiler, but instead of mov-
ing in a circular direction it scans linearly and produces
profiles of the surface up to 100 mm in length. The profiles
are produced by successive integration of the differential
height measurements. along the line of traverse. A key
feature of this instrument is its ability to measure a long
profile. There is potential for accumulating error in the
profile from the integration procedure, but, in fact, over a
length of 1 mm the profiles of smooth surfaces are com-
parable to those obtained for other instruments. Figure 17
shows the surface profile of a laser gyroscope mirror
produced on this interferometer. The mirror has a mea-
sured roughness of 0.175 nm. Below the surface profile is
another calculated from the difference between successive
profile measurements. The difference plot has an effective
rms roughness of 0.024 nm (0.24 A) and illustrates the
repeatability of the instrument. The profile of Fig. 17 is
similar to the profiles obtained with the other optical
profilers (Figs. 12 and 15). By contrast, the stylus profile
of a laser gyroscope mirror (Fig. 18) shows much more
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Fig. 19. Profiles of machined silicon (from Ref. 28).

closely spaced structures. This is not instrument noise.
Stylus instruments can actually probe with a lateral reso-
lution as small as 0.1 péun with a tip of that size and with a
small stylus loadmg

Several years ago, Church er al.?® compared spatial-
frequency data from the interferometricprofiler with those
of the stylus. The sample was a periodic silicon surface
machined by single-point flycutting, a process that pro-
duced a highly periodic surface with two sets of grooves
of the same periodicity but different amplitudes. As shown
in Fig. 19, this structure was not resolved by the interfer-
ometric profiler but was resolved by the stylus. The profile
shape was not an artifact resulting from the mechanical
dynamics of the stylus instrument because measurements
made at different speeds produced the same profile. How-
cver, the power spectra (not shown) illustrated an interest-
ing limitation of the stylus instrument: frequency
modulation from the variation in velocity of the probe as
it translated over the surface. Frequency modulation was
not observed in the power spectrum from the interferomet-
ric profile because measurement of the displacement along
the surface depended on the accuracy of separation of the
elements in the linear array, which was very precise.

To improve the lateral resolution of optical profilers,
Wyant et al. have developed a Linnik-type interferome-
ter,2% ‘which operates at higher magnification than the

Mirau design of Fig. 11. Figure 20 illustrates its capability
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Fig. 20. Surface profile of holographic grating mea-
sured by interferometric profiler with high-resolution
Linnik-type head. (J. C. Wyant, private communication.)
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Fig.21. Schematic diagram of STM.

for sensing high-frequency surface structure. The spacing
of the holographic grating is only 0.67 um.

2.3 Recent Scanned Probe Techniques

During the 1980s several new sensor concepts were suc-
cessfully applied to high resolution surface profiling. The
first to be developed was the scanning tunneling micro-
scope (STM). Figurce 21 shows a schematic dlagram ofa
STM from the work of Binnig and Rohrer,*® for which
they won the Nobel Prize in physics. The early work on
the principle of operanon for this kind of instrument was
done by Young et al. 31 at NIST. However, Binnig and
Rohrer were the first to obtain atomic resolution with a
tunneling microscope. A conducting tip is held very close
(within 1 nm or less) to a conducting surface. A voltage is
maintained between the tip and the surface. The resulting
tunneling current of electrons passing through the gap is
an exponential function of distance; thus providing a
strong sensitivity to surface height when the tip is scanned
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Fig.22. STM image of Si(111) measured by Binnig et
al. (from Ref. 32). :

laterally. A piezoelectric transducer (Z) can vary the ver-
tical distance between the tip and the surface. While
scanning, a servo system maintains constant tunneling
current by adjustment of the tip-to-surface distance. The
resulting voltage signals to the piezodrive (Z) are propor-
tional to the surface topographic heights over the scanned
area, provided the tunneling current is not influenced by
any variations in the surface material.

Figure 22 shows carly dramatic evidence? of the

resolution capabilities of the instrument. It is a set of
profiles forming a map of a silicon (111) crystal surface
that was annealed so that it produced a 7 x 7 low-energy
electron diffraction pattern on the surface. Controversy
existed over the true structure of this surface until Binnig
et al. observed the structure directly, but the lateral reso-
lution of the map, which shows the individual atomic
peaks and holes, is more central to thisreview. The spacing
between adjacent peaks here is approximately 0.8 nm.
Much research and the development of many instruments
for imaging conducting surfaces with atomic resolution
followed Bennig et al.’s measurement.

The STM is useful for applications other than those in
surface science. Figure 23 shows the result of a measure-
ment of the surface of a grating by Dragoset et al 3334 of
NIST. The grating had 2200 lines/mm, a 0.46-pm period.
The STM shows imperfections in the stucture of the
grating between the lines. A high-resolution stylus instru-
ment was able to resolve the grating lines but was not able
to see the structure between the lines.

Figure 24 is a STM map of a gold surface machined
by diamond turning with a feed spacing of 100 m. B A
stylus instrument was not able to resolve the individual
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_Flg.24, STM of diamond-turned gold surface (from Ref.

33).

feed marks, but the STM was. In fact, this map shows the
structural imperfections along the direction of travel of the
tool over a width of 50 nm, half the period of the feed.
Thus, this technique holds the promise of more sensitive
measurements of optical surfaces, which could lead to
better manufacturing techniques.

There have been several spinoffs of the STM that use
other types of sensing mechanisms.>38 One of these is
the atomic force microscope (AFM), first developed by
Binnig ez al.38 There are several types of AFM sensors.
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Fig.25. Schematic diagram of AFM with optical lever
sensor (from Ref. 39).

Fig.26. AFM imagé of polished aluminum (from Ref.
40).

Nearly all of them detect the deflection of a small cantile-
ver probe as it contacts the surface. The forces of contact
are controllable to the order of 10‘8—10'1,(J N, and the
systems have been operated in both the attractive and
repulsive modes. The first design by Binnig et al. used a
STM to sense the cantilever deflections, but a more widely
used approach nowadays is an optical lever sensor,>? an
example of which is shown in Fig. 25. A key advantage of
the AFM is its ability to profile insulating as well as
conducting surfaces, whereas the STM is limited to con-
ductors. This gives the AFM great potential as a high-res-
olution profiler of optical surfaces. One example of the
AFM capability is the map of polished aluminum from
Elings et al.% shown in Fig. 26. Aluminum is very diffi-
cult to measure with a STM because in air it naturally
forms a thick, insulating oxide. The field of view here is

Fig.28. Scanning electron microscope image of ion-
milled tungsten tip used for STM (from Ref. 42).

about 25 um x 25 um, illustrating that the AFM (and STM
as well) is capable of scanning over macroscopic dis-
tances. However, lateral details as small as ~0.3 pm across
are well resolved in this map. A map of fused silica taken
by Bennett er al.*! at higher resolution is shown as Fig. 27.
The field of view is ~(150 nm)z, and peaks of 5 nm across
or less are clearly resolvable. With quantitative maps like
these measured at such high resolution, it seems likely that
a new ‘era has begun in the quality control of optical
surfaces based on high-resolution profiling.

Both the STM and AFM depend on the quality of the
probe tip. In the early days of scanning tunneling micros-
copy, the high resolution was somewhat uncontrollable
and most tips were produced by “cookbook” methods. By
contrast, Fig. 28 illustrates an early example of a tungsten
STM tip produced systematically.#2 The tip yielded
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Fig.29. Comparison of range and resolution of three
profiling techniques.

Fig. 30. Photograph of DALLAS—detector array for
laser light angular scattering.
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Fig. 31. Comparison of scattering experiment mea-

sured with DALLAS and theorstical results for hand-
lapped stainless steel surface with rms roughness of
0.22 um. The angle of incidence is —54°.

atomic resolution when used in a STM. It was produced
by an ion-beam milling process in which the tip was
rotated about an axis during milling in a manner similar to
a turning operation. The milled probe tip is a single crystal
and is approximately 8 nm across.

The range and resolution of three profiling tech-
niques—STM, stylus, and optical interferometry—are
summarized in Fig. 29. This gr 3ph is conceptual]y similar
to others produced by Church*® and Stedman.** It shows
the resolution and range in both the lateral and vertical
directions as the edges of the various areas. The vertical
resolution is of the order of 0.05 nm for the most scnsitive
stylus instruments, whereas the vertical range can be of the
order of 1 mm for stylus instruments used for the mechan-
ical parts industry. The lateral resolution can be as small
as 0.1 pm, depending on the quality of the stylus tlp OThe
vertical resolution of optical instruments is even better, but
the lateral resolution is a modest 0.5-1 um limited by the
diffraction of visible light. The STM has both atomic
lateral resolution and subatomic vertical resolution, and its
lateral range is approximately 200 um,* limited partly by
the accuracy of long travel motion and partly by the ability
of the servo system to respond to sudden large changes in
the measured height signal, which are likely to occur when
defects are encountered during rapld scans over long dis-
tances.

2.4 Area Techniques

This section em7pha51zes optical scattering. Parallel- plate
capacitance* and low-energy electron diffraction’
have also received practical application and are discussed
elsewhere.

Two applications of optical scattering are discussed.
The first application is directed toward the need in the
mechanical parts industry for a reliable, high-speed mea-
suring technique for use on rough surfaces produced in an
automated manufacturing envxronment Fxgure 30 shows
an experimental apparatus*® for measuring how these
types of surfaces scatter light. A helium-neon laser beam
illuminates the test surface, which is mounted at the center
of a yoke hol lng 87 detectors spaced 2” apart. Each
detectoriconsists of a lens that focuses the scattered radi-
ation int6 anoptical fiber. The radiation is directed through
the fiber to a PIN silicon photodiode. The bank of fibers
and photodiodes is shown in the background. The output
of the photodiodes is processed by a computer to produce
angle-resolved scatter intensity distributions,

The samples in the initial experiments were produced
by a unidirectional machining operation to keep the geo-
metrical analysis simplified to two-dxmenswnal problems.
The results of one set of measurements*? are shown in F1g
31. Here the light is incident at an angle of -54°,
specular scattering is observed at +54°, The dashed curve
shows the scattering intensity distribution gathered by the
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Fig. 32. Schematic diagram of a TIS apparatus (from
Refs. 53 and 54).

detectors plotted over approxxmately four orders of mag-
nitude. The valley at —54° is an artifact resulting from
blocking of one of the detectors by the cantilevered mirror
directing the incident optical beam.

The experimental curve is compared with a calculation
based on detailed surface proﬁles measured with a stylus.
The agreement between them is very good except for a
region at high scattering angles (80" to —30°). The dis-
agreement there is probably from the 0.5 um width of the
stylus, which limits it in measuring closely spaced surface
features. This graph demonstrates a fairly quantitative
understanding of optical scattering from moderately rough
surfaces. Other research has been directed toward the
inverse problem,*?i.e., using the scattering information to
predict statistical parameters of the surface, such as rms
roughness50 or surface slopes.’!

Figure 32 shows the schematic diagram for another
application of optical scattering to surface roughness anal-
ysis known as total integrated scattering (TIS). The derails
of the measurement are specified in ASTM Standard
F104833 Light from a helium-~neon laser is incident on the
specimen from above. If the surface were perfectly
smooth, the reflected light would be returned through the
entrance hole, but if the surface has some roughness, light
is scattered into the hemispherical collecting mirror
(Coblentz sphere) and focused onto a detector (I). The
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Fig. 33. Measured vaiues of rms roughness obtained
by TIS measurements at eight different laboratories (from
Ref. 54).

scattered light intensity, for surfaces with roughnessesless
than ~15 nm, is proportional to the square of the rms
surface roughness.

Figure 33 shows a companson of a round robin series
of TIS measurements®* made by several different labora-
tories for four surfaces. The agreement between them,
although not perfect, was good enough to form a basis for
the standard.

3. Concluding Observations

There have been dramatic advances in profiling instru-
ments for measuring surface topography. Stylus instru-
ments have shown improvements in resolution, and optical
profiling instruments have improved dramatically over the
past several years in their vertical resolution and capability
for three-dimensional mapping. The STM and the AFM
are revolutionary instruments that are now commercially
available. Area techniques have also advanced for manu-
factured surfaces, particularly angle-resolved light scatter-
ing and total integrated scattering. A standard hased on
total integrated scattering now exists.

Several major technical challenges also exist. First, if
the STM and AFM are to be generally useful for a wide
class of industrial applications, probe tips must be accu-
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rately measured and controlled. Second, techniques must
be found to use the new measurement capabilities for
improved control of optical and mechanical products.
Otherwise, the resolution capabilities of these instruments
are superfluous. Third, the requirements for the calibration
of these instruments must be recognized. The situation
with stylus instruments is satisfactory, but optical instru-
ments and the STM require new efforts.
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