Absolute measurement of surface roughness

Katherine Creath and James C. Wyant

In an interferometer which uses a reference surface, the measured surface heights correspond to the difference

between the test and reference surfaces.

To accurately determine the rms roughness of supersmooth

surfaces, the effects of the reference surface roughness need to be removed. One technique for doing this
involves averaging a number of uncorrelated measurements of a mirror to generate a reference surface profile
which can then be subtracted from subsequent measurements so that they do not contain errors due to the
reference surface. The other technique provides an accurate rms roughness of the surface by taking two
uncorrelated measurements of the surface. These two techniques for measurement of supersmooth surfaces
are described in detail, and results of the measurement of a 0.7-A rms roughness mirror are presented. The
expected error in the rms roughness measurement of a supersmooth mirror due to instrument noise is 0.02 A.

I. Introduction

Interferometric measurements of surface roughness
are a common means of determining surface finish
quality.’-10 In interferometers which use a reference
surface such as the Michelson, Mirau, Linnik, and
Fizeau, the measurement yields the relative difference
between the test and reference surfaces.>%1% Typical-
ly, reference surfaces have an rms roughness of 5-8 A
making it impossible to measure accurately the rough-
nesses of surfaces smoother than the reference surface.
Current state-of-the-art optical surfaces are being pro-
duced with rms roughnesses of 1 A orless. Although it
is possible to make an interferometer reference surface
with an rms roughness of 1 A, it is not easy. Mirau
interferometers which are commonly used for these
measurements have a small reference surface which
must be coated to produce good contrast fringes. It is
very difficult to make these coated reference surfaces
with an rms roughness of <5 Because of errors
caused by the roughness of the reference surface, it is
desirable to measure the roughness of the test surface
without the roughness of the reference surface affect-
ing the measurement.

When measurements of surface roughness are made,
techniques based on statistics can be used to remove
the effects of the reference surface.l’ It should be
noted that these techniques are not meant to be used
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when the surface shape needs to be determined. This
paper describes and shows examples of two techniques
which yield accurate absolute measurements of rms
surface roughness. The examples shown are for a flat
surface; however, the techniques will work for any
shape surface as long as the low frequency figure terms
are subtracted or filtered out.

il. Background

Each measurement made with an interferometric
optical profiler using a reference surface yields the
relative point-by-point distance between the reference
and test surfaces. Mathematically, we can represent a
single point of a single measurement meas(x) as having
independent contributions from both the test test(x)
and reference ref(x) surfaces:

meas(x) = test(x) + ref(x). 1)

Each surface profile is assumed to be an ergodic ran-
dom process where spatial averages can be considered
equivalent to averages over an ensemble of similar
surfaces.l? Assuming that the test and reference sur-
faces are uncorrelated and independent of one anoth-
er, the rms roughness oy of the interferometric mea-
surement is a combination of the two rms roughness
values:

Omeas = O%est + ”fefr (2)

where otest is the rms roughness of the surface under
test and oye¢ is the rms roughness of the interferometer
reference surface.

If the rms roughness of the reference surface is 5 A
and the rms roughness of the surface under test is 10 A,
the measured rms will be 11.2 The error in the
measurement is 1.2 A or 12% of the actual value.
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Fig.1. Error in the rms roughness measured for a reference surface
with 5-A rms roughness.

When the roughness of the test surface is the same as
the roughness of the reference surface, the measured
value for the rms roughness will be 7.1 2\, which has an
error of 2.1 A or 42%. As long as the rms roughness of
the test surface is >2 times the rms roughness of the
reference surface, the error introduced by the refer-
ence surface will have little effect on the measurement.
However, when the rms roughness of the test surface is
<2 times the rms roughness of the reference surface,
the effect is large enough to have anoticeable effect. A
plot of the measurement error for a reference surface
with an rms roughness of 5 A is shown in Fig. 1.

Tosubtract the effects of the reference surface in the
interferometer, three different techniques can be im-
plemented. A straightforward means of producing a
reference surface profile is to measure a supersmooth
mirror with an rms roughness of <1 A. Another tech-
nique is to create a reference data file which corre-
sponds to the profile of the reference surface by aver-
aging a number of measurements of a smooth mirror,
where the mirror is moved by a distance larger than the
correlation length of the surface between measure-
ments.!3 This will be referred to as a generated refer-
ence surface. The final technique is useful when only
the rms roughness of the test surface is desired.

For this technique, two measurements of the test
surface are made with the test surface being moved by
more than the correlation length of the surface be-
tween measurements. These two measurements are
subtracted, and the rms roughness of the difference is
divided by the V2 to find the test surface rms rough-
ness. This is referred to as an absolute rms roughness
measurement. With this measurement, the calculat-
ed profile does not represent the surface; however, the
statistics of the calculated profile do represent the
statistics of the surface.

. Subtraction of a Generated Reference Surface

A profile of the reference surface can be generated by
averaging a number of measurements N of a smooth
mirror. The mirror surface used to do the averaging
does not need to be supersmooth, but the smoother it
is, the fewer measurements will need to be averaged.
(Typically, good quality mirrors have 5-8-A rms sur-
face roughness.) Between measurements, the mirror
is moved by a distance greater than the correlation
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length of the surface.!3 (For most optical surfaces, the
correlation length is <0.1 mm.) Once the reference
surface profile is generated, it can then be subtracted
from subsequent measurements of test surfaces to
measure the surface profile minus the reference sur-
face. However, the generated reference surface be-
comes invalid if the reference surface is moved. Using
this procedure, supersmooth surfaces with rms rough-
ness values of <1 A can be measured.

One of the N profile measurements used to generate
the reference surface can be written as

meas(x); = mirror(x); + ref(x), 3)

where this equation is for a single point x in the profile
i, the interferometer reference surface profile ref is
assumed to be the same for each measurement, and
mirror; refers to a profile measured on the mirror used
to generate the reference. Tokeep ref(x) constant, the
reference surface should not be moved between mea-
surements. The test surface can be tilted, and focus
can be adjusted. The generated reference profile
which is the average of N measurements is given by

N N
genref(x) = % Z meas(x); =% Z mirror(x); + ref(x), (4)

i=1 i=1

where the mirror and reference surface are uncorrelat-
ed random variables, and each point x on the mirror
profile is averaged over N independent measurements
of the surface.

The variance of the averaged profile [Eq. (4)] can be
written as

N 2
(genref(x)?) = <|:% Z mirror(x)i:I > + (ref(x)?), (5)
i=1

where the angle brackets indicate an average over x,
and we have assumed that all the variables have zero
mean in x for simplicity. (In general, it is not neces-
sary for the variables to have zero mean.) Assuming
that the mirror measurements are independent and,
therefore, uncorrelated and that they are identically
distributed, Eq. (5) can be reduced to

N
(genref(x)2) = #Z (mirror(x)?) + (ref(x)?)

= % (mirror(x)?) + (ref(x)?). ®)
Equation (6) can be rewritten in terms of rms rough-
ness to yield

Fmirror \2
Ogenref = ( \/—N ) + o'?efr (7)
where ogenrer is the rms roughness of the generated
reference surface, oy¢ is the rms roughness of the inter-
ferometer reference surface, and onyjror is the rms
roughness of the mirror used to produce the generated
reference surface. Note that this equation does not
depend on the specific probability distribution of the
individual random variables. From Eq. (7), it is obvi-



ous that the effect of the mirror on the generation of
the reference surface is reduced as the number of mea-
surements increases.

Measurements of supersmooth test surface profiles
can then be made by subtracting the generated refer-
ence surface profile from subsequent measurements.
This can be written as

meas(x) — genref(x) = test(x) — error(x), (8)

where the surface profile error term is given by
N
1 .

error(x) = N ; mirror(x);. 9)
As long as the mirror profile has zero mean, the error
profile height will go to zero as N goes to infinity.

The rms roughness of the actual test surface profile
measurement oyegt is

— / 2 2
Otest = Umeas—gem‘ef + Oerrors (10)

where o'meas—genrer is the rms roughness of the calculated
test surface profile and geyror is the rms roughness error.
This rms roughness error is given by

P - Tmirror (1 1 )

error ’
VN

where omirror refers to the rms roughness of the mirror
surface used to produce the generated reference pro-
file. Thus the error in the measurement of the test
surface rms roughness is reduced by using a smoother
mirror to generate the reference and by increasing the
number of measurements averaged to generate the
reference.

To determine the magnitude of the error, assume
that the reference surface has an rms roughness of 5 A,
and a 5-A rms mirror is used to generate the reference
surface profile. When twenty-five independent mea-
surements of the mirror surface are averaged together,
the rms roughness error due to the mirror used to
generate the reference surface [Eq. (11)] will be 5/25
=1A. Thiswould be equivalent to the error produced
by a single measurement of a 1-A rms mirror without
subtracting the generated reference. This would
mean that measurement of a 5-A rms test mirror ob-
tained by subtracting the generated reference would
be 5.1 A rms. Thus the error due to the generated
reference is only 0.1 A or 2%. This means that the
generated reference surface profile is a very good
representation of the actual reference surface.

IV. Absolute rms Roughness Measurement

For an absolute rms roughness measurement, two
uncorrelated measurements of the test surface are
made. To get an uncorrelated measurement, the test
surface is moved by a distance greater than the correla-
tion length of the surface between measurements.
These two measurements can be written as

meas(x); = test(x); + ref(x),

meas(x), = test(x), + ref(x), (12)

where x refers to a single point on a single profile. The

reference surface effect on the measured profile should
not change from the first to the second measurement.
This means that the reference surface should not be
tilted relative to the optical axis between measure-
ments. (Focus can be adjusted between measure-
ments.) When the difference in these two measure-
ments is taken, the effects of the reference surface
profile cancel out and yield

diff(x) = meas(x), — meas(x), = test(x); — test(x),. (13)
If Eq. (13) is rewritten slightly as
diff(x) = test(x), + [—test(x),], (14)

this calculation can be thought of as the sum of two
random variables. If we assume that the probability
distributions of each of the random variables test; and
test are uncorrelated, the rms roughness of the differ-
ence profile can be written as

2 o 2 2
OGiff = Otest, T Otestyr (15)

Because independent measurements of the test sur-
face profile should have similar statistics,

Otest; = Otesty (16)
Finally, the rms roughness of the test surface is given
by

_ Cair )

Otest \/E .

Thus the rms roughness of the test surface can be
easily determined by making two measurements of the
surface. When this measurement is made, the effects
of the reference surface cancel, and the surface statis-
tics are derived. However, the calculated surface pro-
file does not represent the actual test surface.

V. Restults

These two statistically based techniques have been
implemented on an interferometric optical profiler us-
ing a 10X objective with a Mirau interferometer.
Phase-measurement techniques are used to obtain the
surface profile.'* The optical profiler has a linear
detector array with 1024 elements, and the output is
digitized to 12 bits. The sample is put on top of a tip-
tilt stage so that the relative tilt between the test and
reference surfaces can be adjusted without touching
the reference surface. The interference fringes are
adjusted to be parallel to the detector. Tilt and curva-
ture are subtracted from the measurements so that
only surface roughness is analyzed.

Figure 2 shows a single measurement of a super-
smooth mirror made using no absolute measurement
techniques. The rms roughness of this measurement
is 5.6 A (0.56 nm). When a reference is generated
using sixteen measurements of this supersmooth mir-
ror, an rms roughness of 5.3 A is obtained. This gener-
ated reference corresponding to the Mirau reference
mirror is shown in Fig. 3. Note that the surface fea-
tures are similar to those in Fig. 2. The difference
between Figs. 2 and Fig. 3 is shown in Fig. 4. This
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Fig. 2. Measurement of supersmooth mirror including the refer-
ence surface.

N 8 1 1
.00 V.26 B.53

Distance on Surface

REFERENCE
RMS: ©.53inm PROFILE PV: 2.93nm
RA: ©B.436nm RC: 96.6 m
2 1.@}
o
ey
g ]
c ©.0
c
]
: W
—1.af’[ W\/\«J’J
-2.0
©.00 O. 28 a. 53 9. ?9 1.88 1.32
Distance on Surface in Millimeters (18.0X)

Fig. 3. Profile of reference surface generated by averaging sixteen
uncorrelated measurements of the supersmooth mirror.
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Fig. 4. Difference between Figs. 2 and 3 showing the supersmooth
mirror without the effects of the reference surface on the same scale

as Figs. 2and 3.

3826

APPLIED OPTICS / Vol. 29, No. 26 / 10 September 1990

MIRROR

RMS: 8.071lnm
RA: ©.057nm
a.25

PROFILE
Ref.

PV: ©.482nm
Subtracted RC: -5865 m

? 2.13

: il LI Lt

o

£ 2.00 N |l d 4 |l “ ! I l

g ”lyt m[ Y || ALk i
z |

-0.13

-B8.25 1

.00 0. 28 0. 53 Q. ?9 1.86 1.32

Distance on Surface in Millimeters (18.80X)

Fig. 5. Same as Fig. 4 plotted on a different height scale. Profile
and roughness of surface can be seen.
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Fig. 6. Different between two consecutive data sets taken at a
single location on a mirror indicating the noise level of the measure-
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Fig. 7. Absolute measurement of the supersmooth mirror made
with two uncorrelated measurements.



corresponds to the actual surface without effects due
to the reference surface and is plotted on the same
scale as Figs. 2 and 3. The rms roughness of the test
mirror is 0.71 A, which is much less than the 5.3-A rms
roughness of the Mirau reference mirror. Figure 5
shows Fig. 4 on a different height scale. Note that the
roughness of the test surface is very random and looks
a lot different than the reference surface. From Eq.
(11), the error in the rms roughness due to the generat-
ed reference surface is 0.02 E, which is approximately
the same effect as the instrument noise.

Figure 6 shows that the rms noise of the instrument
is0.18 A. This profile is found by taking two consecu-
tive data sets at a single location on a mirror, each an
average of sixteen measurements, and subtracting the
two profiles. The rms of this difference profile is a
good indication of the measurement repeatability.
The rms instrument noise will affect the measured rms
roughness of the absolute measurement a small
amount. Assuming that the instrument noise is inde-
pendent of the surface profile being measured, the rms

. roughness of the test surface without the contribution
from the instrument noise is 1(0.71)2 — (0.18)2 = 0.69
A. Thus the effect of the instrument noise on the
measured rms roughness is 0.02 A.

The absolute rms roughness technique was used to
produce the results shown in Fig. 7. The rms rough-
ness obtained using this technique is 0.70 The
profile obtained represents the test surface statistical-
ly but does not correspond to the profile at the mea-
sured location. The rms roughness obtained using
this technique only differs by 0.01 A from that ob-
tained using the generate reference technique, which is
in the range of the expected error. These rms rough-
ness values can be measured repeatedly to within
£0.05 A.

VI. Conclusions

The techniques of generating a reference surface
from a number of averaged measurements of a smooth
mirror and of making an absolute rms roughness mea-
surement using two measurements are both viable
techniques for determining rms surface roughnesses
which are smoother than the reference surface. They
enable the effects of the reference surface to be sub-
tracted from the measurements. They can be used to
measure surfaces with rms surface roughnesses of <1 A
with an expected error of ~0.02 A. These measure-
ments can also be done repeatedly to within ~0.05 A
rms. When a number of surfaces are to be measured,
the generated reference technique is very convenient

because the reference only needs to be generated once
and can be subtracted from subsequent measurements
as long as the interferometer reference surface has not
been moved. The absolute rms roughness measure-
ment technique is good to use when a quick measure-
ment of the rms roughness is desired.

The authors wish to thank Lisa Merrill for making
the measurements and Chris Brophy for helpful dis-
cussions.
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