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Abstract

An optical heterodyne profiler has been developed for measuring surface roughness. The height
measurement accuracy and lateral resolution are 0. 11 nm and 4 pm, respectively, when a 40X
objective is used. A Zeeman-split He-Ne laser is used as the light source. The optical system is desighed
as a completely common-path interferometer. Optical and electronic common-mode rejection techniques
are employed to minimize the effects of environmental conditions. Sample measurements by this
heterodyne profiler and other commercial profilers are displayed. The system noise effect is analyzed in
detail. the effect of varying the number of samples at each sampling point is shown. The accuracy
comparisons of the profiler with different objectives-5X, 10X, 20X and 40X-are presented.
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1 Introduction

Surface roughness is becoming more and more a concern of scientists who are estimating the
characteristics of optical components, espeéially those of X-ray optics. Several technigues have been
developed to test precision surface qualities. These techniques are optical scattering techniquest!],
multiple-beam interferometry?), stylus profiling instruments®), and optical probe profiling
techniques'~"), These techniques, however, are usuaily used for short lateral measurement ranges.
The long-trace profiler:®) is an instrument with a scanning range, 2 mm to nearly one meter. The
height measurement standard of this profiler, however, has not been clearly presented by any
theoretical analysis or experiment. The 2 mm large lateral resolution limits the profilers applications to
some particular sample shapes and very rough surface measurements.

This paper describes a long-scanning profiler designed for testing surface profiles, especially those

of large X-ray components. The profiler uses a laser heterodyne technique and precision optical phase
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test to achieve 0. 11 nm height measurement accuracy. The lateral resolution is 4 um when a 40X
objective is used. The height accuracy can be further improved by refining the electronics, while the
lateral resolution is improved with a higher power objective. The system noise effect is analyzed in
detail. The key elements to the profiler are the applications of a longitudinal Zeeman-split He-Ne laser
and the special optical head design. Optical and electronic common- mode rejection techniques are
employed in the precision optical path test. Environmental effects are minimized by these rejection

techniques. Measurement results are obtained in ordinary experimental conditions.

2 Principle of the profiler
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Fig. | Schematic of the optical heterodyne profiler

The optical configuration of the heterodyne profiler is shown in Fig. 1. The profiler is a common-
path polarization interferometer. The optical head contains a birefringent lens and microscope
objective. The birefringent lens is made of calcite crystal. The crystal axis is set perpendicular to the
incident beam propagation. The lens has two focal points, fo,and f. , corresponding to its ordinary and
extraordinary rays. The foand f. focal lengths are 40. 0735 mm and 87. 8485 mm. The ordinary and
extraordinary rays are linearly. orthogonally polarized and concentric when the input beam is
collimated. The back focal point of the objective is set at the f. point. Therefore, the extraordinary
rays become a collimated beam to the sample surface while the ordinary beam becomes a focused
beam. The collimated and focused beam spots on the surface are 143 um and 4 um diameters when a

40X objective is emploved. The area ratio of the large spot to small spot is 1250 times. Both reflected
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polarized beams are combined into a common-path collimated beam after passing through the optical
head. The combined beam carries all the characteristics of both polarized beams to the measurement
detector system for the translation of sample surface information.

The longitudinal Zeeman-split laser outputs two common-path polarized beams. One beam is left
circular, the other is right circular. Both beams have equal intensity and a slight frequency difference
stabilized at 1. 8 MHz. They become linearly and orthogonally polarized after passing through a
quarter wave plate. The two beam polarizations are parallel to those of the ordinary and extraordinary
rays that the birefringent lens yields. A part of both polarized beams is transmitted through a beam
splitter, BS1, into a reference detector system. The polarized beams are interfered at the polarizer,
P,, and a 1. 8 MHz beat-frequency signal is produced and input into a digital phase meter. This signal
contains the initial phase difference between the polarized beams. The reflected part from the BS1 goes
to the optical head. The two polarized beams become ordinary and extraordinary rays through the
optical head. The ordinary rays are focused to a small spot on the sample surface and serve as a
measurement probe. The extraordinary rays are collimated and serve as a reference beam with a large
spot. The large spot is much greater than and concentric with the small one. The small spot represents
surface height, and the large spot represents the average height level around the small spot. The
reflected beams from these two spots are common-path after passing through the optical head. They are
interfered at the polarizer, P;, in the measurement detector system where a measurement signal is
produced. This signal contains the surface profile information and the initial phase difference between |
the two polarized beams. The precision phase test system compares the phase difference, ®, between
the measurement and reference signals and obtains the surface height information.

Since the profiler is designed as a common- path optical system, the optical common- mode
rejection technique is allowed to minimize the effects of air turbulence, temperature variations and
surface vibrations. The phase test system minimizes the effects of the laser intensity variations and
other system instabilities. The relationship between the surface height variation, dH, and phase
difference variation, &b, of the measurement and reference signals has been derived™~%), and the
result is given here, )

6H = (A/4n) 6@ (1)
where H = h — hy, his the surface height at the small focused beam spot and A, is the average height
level integrated over the large collimated beam spot. The surface profile can be simply described by
scanning the sample surface.

The adjustment of the optical head is an important part of the measurement system. A fine
screw, 83 threads/inch, is set on the optical head, so that the back focal point of the objective can be
adjusted exactly at the f. of the birefringent lens. This adjustment makes the quality of the collimated
beam high at the sample. The sample should be precisely located at the focal point of the ordinary rays
of the optical head. An astigmatic autofocus system is employed to test the surface focus position at
each sampling point. The focus system contains an astigmatic lens, a quad-cell detector and processor.
It is sensitive to the collimation degree of the reflected beam from the focused beam spot on the
surface. The quad-cell detector is set between the two foci of the astigmatic lens, so that the beam

image on the detector is circular when a collimated beam inputs the focus system. The beam image will
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be elliptic in vertical or horizontal corresponding to that the incident beam is convergent and divergent.
-When the surface is out of focus, the focus system will signal a smooth and stable stepping motor
system to move the optical head forward and backward until the surface is in focus. The stepping
motor system has 0. 1 um resolution in the range of 25 mm. This motor system is very useful in

measurements of curved surfaces.

3 Data acquisition system

The heterodyne profiler employs a HP5518A Zeeman-split He-Ne laser as the light source. The
laser frequency stability is 2 : 107%. The Zeeman-split frequency is 1. 8 MHz, and frequency stability
is 10~% A universal time interval counter SR620 from Stanford Research Systems is used as the phase

test system. It has a resolution less than 0. 01° to the phase measurement of 1. 8 MHz input signals.
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Fig. 2 Block diagram of the system software

An HP9000 computer is used to perform the system control, data acquisition and analysis. A
block diagram of the system software is shown in Fig. 2. The “focus” portion is for keeping the optical
head focused on the sample during sampling. The PES value is the focus-position error signal of the
sample. It is obtained from the quad-cell detector. This error signal is used by the profiler to determine
whether to take data or refocus the optical head. The system software is used to save data, retrieve old
data, take new data and analyze data. The “data scan” portion determines the sample scan range and
speed. The “Data Analysis” portion analyzes data for surface characteristics. The analyzed results can

be display on the computer and printed.

4 Experimental results

Surface profiles are measured based on the measurement accuracy of the profiler. This accuracy
represents the total effect of optical, mechanical and electronic noises and other environmental effects
on the system performance. It is measured when the sample surface is statically set in the focus of the
ordinary rays in the optical head. Each test is conducted at the same sampling point. Experimental
data variations results entirely from the system noise. The system accuracy can be obtained via certain

number of tests,

Accuracy(m) = {(1/1'11)_5)l Af(m)}? )]
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where m is the number of samples per test, or m = H#samples/test, n is the number of tests, or n =
tests, and A4, is the average tested value of the system noise via the number of the samples per test.
The accuracy shown in Fig. 3 is measured when  Accu(A)

the optical head has a 40X objective. The variations | (m=4 samples/test)

—
]

of the system noise via different number of samples
per test is presented. The number of tests is 100, and
m varies as 20, 50, 100, 200, 500, 1000 to 2000.
When m gets larger and larger, the system accuracy
gets better and better. This shows that the random

noise effects of the electronics, temperature variations
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and other environmental effects are reduced while m

p 2 y 3 a4 m
increases. The error-bar represents a drift range of 0 10 10 10 10

. Fig. 3 System accuracy level at different number of
the accuracy over certain numbers of samples per

test. The error-bar is reduced as m gets larger. The SamPles per test
system accuracy obtained at m = 200 is 0. 11 nm with a very tiny error-bar. This shows that the
system accuracy is quite reliable. The phase test system employed has a very fast sampling speed, so
that measurements can be taken quickly even with large number of samples per test.

The system accuracies are shown in Fig. 4 and 5 when m =200 and 2000, respectively. The
horizontal axis is the number of tests. The accuracy values are 0. 62 nm and 0. 11 nm in these two

figures. The average values in both measurements are very small. Therefore, only a small data drift is

caused by the various system error effects.
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Fig. 4 System accuracy at m = 200 Fig. 5 System accuracy at m = 2000

The comparisons of the system accuracies are made with different objectives-5X, 10X, 20X and
40X-and the result is shown in Fig. 6. These are obtained at m =500 and 2000, respectively. The
accuracies in both cases agree very well with previous results.

The measurements of sample surface profiles with our heterodyne profiler and the WYKO NCP-
1000M digital optical profiler are presented in Fig. 7. The WYKO profiler offers 0. 1 nm vertical
accuracy and 5 um lateral resolution with a 2. 5X objective. It does static measurement in a 5 mm
diameter spot. The heterodyne profiler measures the samples with a 40X objective. Its scanning range
is set at 5 mm, corresponding to the range of the WYKO profiler. The number of samples per point is

2000. The 4 um focus-beam spot acts as a measurement proble. The autofocus system keeps the



60 ¥t = 2 ¥ # . 14 %

h{nm)
s Experimental resulls
) — Theorelcal data
- les/test 10
Accu (1) (m=] samples/test) g //1
8
5 ?
. $ t ! ¥ m=500 X
3 4
2 . _ . 3
) -— m=2000 2
Objective !
0 5X 10X 20X 40X
012345678 81w0n  Ndee)
Fig. 6 Comparisons of the system accuracy with different Fig. 7 Sample measurements by the heterodyne profiler
objectives-5X, 10X, 20X and 40X and the WYKO profiler

sample surface in good focus while data is taken at each sample point. The phase test system measutes
the phase difference between the measurement and reference signals. Since the areas on each sample
measured by both profilers cannot be completely the same, measurements are taken many times on
each sample.

The horizontal axis in Fig. 7 repersents the surface phase RMS (root mean square) values
measured by the heterodyne profiler; The vertical axis represents the surface height RMS values
measured by the WYKO profiler. The experimental data of four samples are displayed. Each sample
data shown in the figure has two vertical and horizontal error-bars because the surface height is
different over different ares. The RMS values of the heights and phases measured by the profilers vary
in the ranges of their error-bars. The solid line represents the theoretical data derived from Eq. 1. It
passes through the data rectangle area of each sample. The experimental results and theoretical analysis
are in a good agreement. The heterodyne profiler is also calibrated well with the commercial WYKO

profiler.
The surface profile of our fine sample is '
measured by the heterodyne profiler and shown in 50 Height & v
Fig. 8. The RMS value of the surface height is 0. 74 ::: .
nm. ?: [ g
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5 Conclusions | e Mﬁ'
An optical heterodyne profiler has been il ]
presented. It uses a common-path optical system and -:; . . - o)

a highly accurate phase test system. The system
Fig. 8 Sample surface profile measurement

accuracy has been discussed. The common- mode

optical rejection technique minimizes the effects of surface vibration, air turbulence and temperature
variations. Measurements can be taken with a good height accuracy in ordinary experimental
conditions. The experimental results and theoretical analysis are in a good agreement. Further work
will be done to improve the electronics in the profiler. Two high quality lock-in amplifiers from the
Stanford Research System are planned to replace the current amplifiers., This improvement will be

useful for reducing the electronic noise effect and speed up measurements. The arrangement of the
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profiler mounting on a long air-bearing slide is being considered. The profile, therefore, will be able

to characterize the surface figures and roughness of large curved optics with its autofocus system.
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Peter Z. Takacs for his equipment, and Eugene L. Church, of the USA ARDEC, for his useful

discussions.
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