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P rec is ion metrology can help prov ide a better un

derstanding of one of the major puzzles in opt ics— 

how does light interact wi th a surface and, in par

t icular, wi th the roughness on a pol ished opt ical 

surface? The surface is made up of atoms whose spacings 

are of the order of a few angstroms. The atoms can be 

arranged in a completely random manner, in the uni form 

order of a perfect single crysta l , or, more generally, in the 

form of t iny crystal l i tes that are randomly ordered relat ive 

to one another. 

How then does a light beam whose wid th can range from 

a smal l fraction of a mil l imeter to many meters and whose 

wavelength (in the vis ib le spectra l region) is 1000-1500 

t imes the spacing of atoms interact wi th the atomic rough

ness on a surface? We know that var ious types of measur ing 

instruments using light beams as probes can measure 

"average roughness" or "effective roughness" wi th a height 

sensit iv i ty in the best cases of a smal l f ract ion of an atomic 

spacing. But how does this value relate to the roughness of 

the indiv idual atoms on the surface? 

Finer measurements of roughness 
We now have tools that can help prov ide answers to this 

quest ion in the form of the scanning tunnel ing microscope 

(STM) for conduct ing mater ia ls 1 - 3 and the atomic force mi

c roscope (AFM) for insu la

tors. 4 , 5 The S T M and A F M can 

make topographic maps on the 

atomic level of opt ical surfaces 

that have p r e v i o u s l y been 

measured by convent ional op

t i c a l o r m e c h a n i c a l t e c h 

niques. In this paper, we look 

at three surfaces: fused s i l ica, 

an amorphous material ; sap

phire, a single crystal material 

pol ished in a way to minimize 

lat t ice damage; and s i l i con 

carb ide grown by chemica l 

vapo r depos i t i on (CVD) to 

make it a polycrystal l ine mate

r ia l . The surfaces of al l of these materials are extremely 

smoo th as measured by one of the best mechan ica l 

prof i lers 6 , 7 —an instrument having a very sharp d iamond tip 

that rests l ightly on the surface and is moved s lowly and 

uni formly across it for a distance of up to 1 mm. 

Table 1 shows the measurements made wi th this instru

ment. The surfaces are so smooth that the instrumental 

noise, equivalent to 0.5 Å root mean square (rms) rough

ness, had to be removed f rom the measurements. Profi les 

of these surfaces made wi th the stylus instrument show a 

barely percept ib le waviness, but no fine structure on the 

order of the lateral resolut ion of the instrument, 1000-2000 

Å. A l though these roughness values are averages over 

many atoms, nevertheless the lateral resolut ion of the 

mechanica l prof i ler is about an order of magnitude better 

than that of most opt ica l prof i lers. T iny scratches, par

t ic les, and structure in many evaporated fi lms can be 

detected wi th this instrument. The fact that no structure of 

this type was measured on these surfaces shows that they 

were extremely wel l po l ished. 

Figures 1-3 (page 16) show topographic maps of the 

surfaces of the fused s i l ica, sapphire, and s i l icon carbide, 

respect ively, made with the NanoScope A F M . The lumps 

shown on al l the maps are not indiv idual atoms, but clus

ters of atoms. For example, on the map in Figure 1 of the 

fused s i l i ca substrate, in the distance from 0-50 nm (500 Å) 

there are probably more than 100 atoms in a l ine, but less 

than 10 bumps. A l though the map shows a very smal l area 

on the surface compared to those made by convent ional 

profi lers, it does show that there is no large vert ical structure 

present on this scale. Other maps of larger areas on the 

same sample do not show addit ional surface structure. The 

roughness value of the fused s i l ica surface calculated from 

this area map is 1.2 Å rms, as given in Table 1. This may be 

the smoothest po l ished surface ever measured by an A F M ! 

Table 1. Roughness measurements on supersmooth surfaces. 

Material Atomic Force 
Microscope 

Area Talystep Profile Length 
Surface Profiler* 

Fused Silica 1.2 Å rms 0.15 X 0.15 µm 0.39 Å rms 200 µrn 

Sapphire, 

single crystal 

1.8 Å rms 3 X 3 µm 0.37 Å rms 50 µm 

Silicon 

Carbide 

8.5 Å rms 5 X 5 µm 0.77 Å rma 100 µm 

* 1 µm Stylus Radius 
1 mg Stylus Loading 
Values corrected for 0.5 Å rms instrumental noise 
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The topographic map for the 
chemically mechanically polished 
sapphire surface8 is for a larger area and shows some 
"lumpiness" ~50 nm (500 Å) in lateral extent. This may be 
caused by the chemical part of the polishing process, since 
waviness was observed in profiles longer than 50 µm made 
with the mechanical profiler. (Semiconductor materials 
such as silicon and germanium show extensive waviness 
after being chemically etched to remove surface and sub
surface layers damaged by the mechanical polishing pro
cess.) The roughness value of 1.8 Å rms shown in Table 1 for 
sapphire probably reflects some of this waviness, but the 
surface is still amazingly smooth on the atomic level. 

The topographic map for the CVD silicon carbide (Figure 
3) is of a much larger area and shows quite a different 
structure—tiny scratches remaining from the polishing 
process. These scratches are too narrow to be detected by 

GREATER DEFINITION 
STM Scanning Tunneling Microscope 

AFM Atomic Force Microscope 

Table 2. Profile measurements of gratings, 0.7 µm grating spacing. 

Sine Wave 

0.3 µm Stylus Radius 
0.2 mg Stylus Loading 

Grating STM P-V Talystepr* P-V 

Quadrant I 3320 Å 1225 Å 

Quadrant II 3638 Å 1390 Å 

Quadrant III 3554 Å 1470 Å 

Quadrant IV 2815 Å 1340 Å 

Square Wave 2574 Å 1426 Å 

a mechanical or optical profiler; they make the 8.5 Å rms 
surface roughness measured on an atomic scale consider
ably larger than the 0.77 Å rms value measured with a 
mechanical profiler (Table 1). 

Other parts of the polished CVD silicon carbide surface 
show defects that occurred during growth of the material. 
Figure 4 (next page) shows a topographic map of one of 
these regions. In the lower part of the picture there are 
holes, while a polishing scratch appears in the upper right 
hand corner. 

A line profile can be extracted from any of the AFM or STM 
topographic maps and plotted separately. In Figure 5 (next 
page), the white line in the picture of the CVD silicon 
carbide surface at the lower left gives the location of the 
profile, shown above. It crosses two small scratches and a 
pair of deeper ones. The colored cursors can be placed at 
arbitrary positions on the profile to give lateral distances 
and depths of surface features. For example, a small scratch 
(orange cursors) is 1.73 nm (17.3 Å) deep, while one of the 
larger scratches (green cursors) is 3.60 nm (36.0 Å) deep. 
Most of the structure without obvious scratches (blue cur

sors) is 1.03 nm (10.3 Å) deep. 
Autocovariance functions and 

other statistical quantities can also be calculated from the 
topographic data. 

Summarizing the measurements on the three surfaces, it 
is clear that the surface roughness measured on an atomic 
scale of lateral resolution will be comparable to that mea
sured with instruments that average over areas of more 
than a micron in diameter if the polishing mechanism is one 
that smears over or removes tiny scratches left by the 
polishing abrasive. In the case of fused silica, the hydrated 
surface layer dissolves and is redeposited,9 creating a 
supersmooth surface without polishing marks. The surface 
layer on the sapphire is chemically removed, but not 
redeposited,4 so that surface is also supersmooth but 
somewhat wavy. Silicon carbide, on the other hand, neither 
dissolves nor etches during polishing. The tiny marks left 

by the final polishing with a submicron diameter 
abrasive remain on the surface, making the atomic 
surface considerably rougher than the surface aver
aged over areas ~1 µm2 or larger. 

Diamond tips in conventional profilers 
Another application of STM and AFM techniques is to 
determine the effective radius and lateral resolution 
of a diamond tip used in a mechanical profiler. Several 
experimental gratings were ion etched in silicon and 
were subsequently profiled by a mechanical profiler 
and by a NanoScope STM. The grooves of the first 
gratings had approximately sinusoidal shapes, a 

spacing of 0.7 µm, and ~3500 Å depth as measured with the 
STM. The sharpest diamond tip for the mechanical profiler 
was "shovel shaped"—sharp in one dimension and some
what broader in the other. The nominal radius in the sharp 
dimension was 0.1 µm quoted by the manufacturer and 
~0.2-0.3 µm as measured in a scanning electron microscope. 

By making a scale drawing of an STM profile and adjusting 
the radius of a circle moving over the profile until the locus 
of the center of the circle gave a peak-to-valley value close 
to that measured with the diamond tip, an effective tip 
radius could be determined; the value was 0.3 µm. Table 2 
shows the results of the actual measurements for four 
quadrants of one of the sinusoidal gratings. The values 
measured with the circle method agreed quite well with the 
Talystep values. Incidentally, if the radius of the profiling 
diamond tip and the true shape of a surface profile are 
known, it is sometimes possible to obtain the true peak-to-
valley value for the surface. However, if the true surface 
shape is unknown, it is not possible to deconvolve it from 
a profile made with too large a tip, because the part of the 
surface not contacted by the tip is unknown. 
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Figure 1. NanoScope AFM topographic map of a fused silica 
surface. 

Figure 2. NanoScope AFM topographic map of a single 
crystal sapphire surface. 

Figure 3. NanoScope AFM topographic map of a CVD 
silicon carbide surface. 

Figure 4. NanoScope AFM topographic map of a material 
defect region in the polished CVD silicon carbide surface of 
figure 3. 

Figure 5. Profile, map, and autocovariance function of 
the silicon carbide surface of Figure 3. 

Figure 6. NanoScope STM topographic map of an ion 
etched square wave grating on silicon. 
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Figure 7. 3-D plot of the topographic map shown in Figure 6. 

Effect of surface deformation 
Going one step further in the precision measurement of 
profiles of ion etched gratings, the final surface produced 
after considerable effort was an excellent square wave with 
a depth of ~2600 Å and a spacing of 0.7 µm, as measured with 
a NanoScope STM. Figure 6 shows a topographic map of the 
surface and Figure 7 is a 3-D line drawing of the same map. 
A 3 µm portion of the profile of this surface made with the 
0.3 µm "shovel shaped" diamond tip is shown in Figure 8. 
The spacing between adjacent digitized points is 0.04 µm, 
producing the jagged appearance of the profile at the 
bottoms of the grooves. Note that this profile is not drawn 
to scale; the maximum vertical scale is 0.12 µm, while the 
maximum horizontal scale is 3 µm. 

When a "rolling circle" measurement was attempted on 
one of the STM profiles, the result shown in Figure 9 was 
obtained. Although this technique worked very well for the 
sinusoidal gratings, clearly there is a problem in this case, 
since the 0.057 µm (570 Å) peak-to-valley amplitude ob
tained with the rolling circle is much smaller than the 1426 
Å measured value (Table 2). 

The probable answer may be found in a limitation of the 
contact profiling technique—distortion of the surface, as 
indicated schematically in Figure 10. The edges of the ion 
etched surface are very sharp and the bearing area of the 
diamond tip is exceedingly small. Thus, even though the 
preset loading of the tip was only 0.2 mg (normal loadings 
for most commercial profilers are in the 10-40 mg range), 
the force per unit area on the groove edge is exceedingly 
large, ~ 2 kg/mm2. Therefore, it is reasonable to suppose 
that the diamond tip may distort the surface as profiling is 
occurring. If the distortion is elastic, it may not show in a 
later surface inspection. 
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Surface metrology 

T esting of optical surfaces is an important function 
in considering the overall performance of an optic. 
Testing of an optic usually involves two separate 
specifications—one for figure and the other for 

roughness. This article focuses on the spatial frequency 
content of optical surfaces and the corresponding frequency 
response of optical surface test instrumentation. The fre
quency components (amplitude and frequency distribution) 
of the surface, and the associated instrument's response 
function, may be as important in evaluating the perfor
mance of a surface as the modulation transfer function for 
specifying the performance of a lens. This article reviews 
several parameters necessary to describe the instrument 
response function for roughness testing. A recent review 
article discusses the history and development of several 
techniques for testing the figure of optics.1 Other refer
ences describe interferometry in greater detail. 2 , 3 

The first part of this article discusses the separation 
between surface figure (waviness) and roughness; the sec
ond reviews the frequency response distribution of surface 
profile measuring instruments. Both characteristics are 
important in describing the performance of optical sur
faces. Specific instruments, specifications, resolution, and 
repeatability are not covered. 

Frequency footprints 
Surface optical testing is typically divided into two fre
quency regions. The first is a measurement of the surface 
figure, or form; the second, roughness. The frequency 
separation between figure and roughness is somewhat 
arbitrary and depends on the application of the surface. In 
the optical industry, the dividing line is usually set to allow 
selection of the high spatial frequency content of the 
roughness data, e.g., 0.0125 µm-1 (80 µm wavelength). Other 
special applications, such as x-ray mirrors, require both 
high frequency and mid-spatial frequency information. 

An easy way to visualize the spatial frequency content of 
a surface is to examine an idealized surface composed of 
two different frequency components. Figure 1 shows such 
a simple surface with a low frequency figure component 
and a high frequency roughness component. Figure l a 
shows a surface profile (i.e., surface height vs. position) for 
this idealized surface. Figure lb shows the frequency re
sponse of the idealized surface. The low frequency "spike" 
due to surface figure has a higher amplitude than the high 
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testing— 

frequency footprints 
By Thomas C. Bristow 


