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Measurement of large step structure with

a speed—variable scanning technology

Lei Lihua, Li Yuan, Cai Xiaoyu, Wei Jiasi, Fu Yunxia, Shao Li
(Shanghai Institute of Measurement and Testing Technology, Shanghai 201203, China)

Abstract: A white light interference system was developed with a speed—variable scanning technology to
improve signal utilization precision and short measuring time for a large step structure measurement. A
Fourier transform and unilateral step evaluation algorithm were performed for processing the scanning
interference images. A calibrated standard step height of 9.976+0.028 pwm was measured by the white
light interference system using the speed—variable scanning method, the measuring time was 35 s, which
was much shorter than a conventional measuring time of 222 s. A 10 —times —repetitive —measurement
shows a result of 9.971 pum with a standard deviation of 0.007 pm, illustrates that the system has
accuracy and high—efficiency in the measurement of large step structure.
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0 Introduction

Rapid development in several high—tech industries,

such as: semiconductor, photonics, micro electro
mechanical system (MEMS), communications, micro —
processing etc, has significantly increased the need for
more complex three —dimensional (3D) information

and larger surface regions with a nano —meter

resolution ™. There are several optical measurements
methods, for example, grating projection with phase
shift, moire with phase shift, confocal and white light
interferometry  ® . In which, the white light
interferometer allows generally surface profiling with
high accuracy and can effectively avoid phase

ambiguity errors, this means that the light
interferometer is more suitable for the increased
dimensional micro — and nano —metrology compared
with other methods, a significant effort has been
improved for the measuring range and measuring
efficiency™ .

In this manuscript, a speed —variable scanning
technique is introduced to improve the measuring
efficiency of the white light interferometry. A Fourier
transform method is used to process the interference
images due to its advantage of high precision, and a
unilateral step evaluation is performed for a large step
height. A developed white light interference system
based on nano —positioning and measuring machine
(NMM) with a large scanning range is constructed in
this manuscript. Micro scale standard step height and

a 3D number pattern on the ink box are measured

using the system.

1 Principle of white light interference

Using a broa dband white light source, the
unambiguous range of the output signal is no longer
limited within half of a fringe, and an absolute phase
measurement over a large operating range can be
addition, interference

achieved. In white  light

technique can effectively avoid phase am biguity in

phase —shifting interferometry and extend measurement
range'™.

It is known that, in the output fringe pattern of
such a system, the zero—order interference fringe is a

[8

bright fringe with maximum visibility . Based on a

two —beam interference method, zero —order
interference fringe appears when there is no optical
path difference between measurement and reference

light®". The light intensity can be expressed as:

1(2)=1,+1,+2\/1,1, exp —{(Z_ht')(zlg) FJ

cos [ %(z—h(,) (D

Where [, and I, are reference and background light,
respectively. The intensity of background is denoted
as I, =I, +I, and fringe visiblity is denoted as vy =2
\/1,1, I(I, +I,). The Gaussian envelope of white light
(z =h

interference is denoted as g

) =exp

2
(=[=my(2m1,)] -
Considering an additional reflection phase, 5
represents the actual height of test sample, the white

light interference output is written as:
4
I(z)=1I,,} 1+g(z—h)~ycos T(Z—h)-f-aadd“ (2)

One can observe from Eq.(2) that a white light
interference signal is a cosine signal modulated by
Gaussian function and the intensity of zero —order
interference fringe reaches a maximum value. Based
on white light interference principle, the coherent
fringe position information represents just the
corresponding data points of the test surface for the

relative height information.

2 Fourier transform method

The zero —order interference fringe identification
algorithm is a key for a white light interferometer to
position the center of a bright fringe with maximum

visibility. The pos itioning accuracy of test sur face
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height information is directly decided by the

processing algorithm of zero—order interference fringe.
So far, the white light signal demodulation techniques
can be basically categorized into two main groups:
spatial domain algorithm and frequency domain
algorithm. As a frequency domain algorithm of white
light signal demodulation techniques, Fourier transform
can perform the surface characterization with a higher
resolution and precision compared with spatial domain
algorithms, in which, the normalized output pattern of
the white light interferometer is a cosine function
modified by a Gaussian visibility profile. Fourier
transform method is used in precision evaluation for
the standard height steps and/or surfaces spatially
isolated from one another with less evaluation data in
this manuscript.

Actually , Eq. (2) can be expressed using the
Fourier transform method!”! as shown,

FT[I(2)]=

2w[,,g8(k)+% FT\g(z—h)|*FT

A

0

cos[ I hyra }

21, 8(k)+G(k)e iy

o= 4 (i) 4
ge ok g ek

(3)

Where &(k) is impulse function, G(k) is the Fourier
transform result of g (z—k), * is symbol of convolution

and spatial angle frequency is k=2m/z, 4m/A, represents

the signal carrier angle frequency.

The positive frequency section of Eq. (3) is
extracted and moved back to center of amplitude —
frequency curve, after inverse Fourier transform, the

positive frequency interference signal is expressed as:

a —khj g
1FT| 2™ Glkye =2 s o=

Zle%j g(z=h) (4)

It can be seen that the envelope curve of white
light interference is directly proportional to amplitude
in Eq.(4). The correlation peak position is obtained by

using Gaussian curve fitting for interference signal.

3 Measuring system setup

Figure 1(a) shows a newly developed white light
interference system with large range. A white light
interference probe works as a fixed surface —sensing
(NMM, SIOS

NMM-1) works as a scanning and measuring platform

probe, a nano —measuring machine

to drive the test sample in the whole measuring
process!' ™1 Z—axis motion unit is used in the coarse
position for an adjustment before the measurement.
The vertical measuring range of the measuring system
is only limited to the working distance of the motion
driving platform and interference objective focal plane
distance. Combined with a high precision, large range
of scanning and measuring platform, the measurement
system is more suitable for a high step standard and
complex three—dimensional (3D) structure™!,

A white light interference probe is showed as
Fig.1(b), which consist of a light source, a CCD camera
(Basler A102 k, frame rate is 14.8 -75 FPS, pixel
size is 6.45 pmx6.45 pm with 1 392 pixelx1 040 pixel),
(Nikon CM-30 A), 5 x
(Nikon, 0.13 NA),

Z —axis motion unit and angular unit used in the

a compact microscope unit

Michelson interference objective

coarse position adjustment before the measurement.
The white light interference probe allows fast parallel
data collection using a CCD camera with an
approximately two million points for a precise 3D
information of semiconductor, photonics, MEMS. The
white light interference probe can offer a non —
destructive, non —contact, high density lateral
resolution with extremely high sensitivities to the
surface in the Z-direction, all of which are essential
requirements for high volume manufacturing ™. The
lateral resolution is limited to 0.5-1 pm determined
by the optical magnification, and CCD camera
number and dimensions of pixels.

In order to have a high —speed, accurate and
large range scanning and measuring, the NMM with a

motion resolution of less than 0.1 nm, positioning
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uncertainty less than 8 nm for a measurement range of
25 mmx25 mmx5 mm and speed scanning <5 mm s,
is designed as the motion driving and positioning
table in the white light interference system!™™'"1. As
showed in Fig.1(c), a configuration of a zero Abbe
offset arrangement with three plane mirror miniature
interferometers and two adjusting angular sensors are
used for highly accurate measurement!'®!. The three
perpendicular laser beams are directed towards a

corner mirror on which the object to be measured.

Testsample 5x interference
objective
TT— NMM

(a) Structure diagram of a white light interference system

with large range
Pitch and yaw angular

regulating unit

CCD camera d

Compact \
microscope unit

Z-axis motion unit

Light source

S5x interference
objective

(b) Configuration of a white light interference probe

Fixing points for probe system Pitch and yaw
Surface-sensing angular sensor
probe

X-interferometer

Y-interferometer

Roll and yaw
angular sensor

Metrology
Corner mirror

frame(Zerodur)
Z-interferometer

(c) Configuration of positioning table of the NMM

Fig.1 Developed white light interference system

4 Speed-variable scanning method

The con ventional constant scanning method is
that the information image is taken by CCD camera
at a given scanning length while the test surface fixed
in a short time, then the test surface is motioned
again by the motion unit, another image is taken, and
so on. Because complete measuring time is cumulated
by the image sampling period, so the larger vertical
scanning dimension the more consuming time.

To analyze the white light interference
measurement process, the zero —order interference
fringe area just appear in the images taken around the
test sample top surface and bottom surface, while
there is a large range with no interference fringe
along the scanning direction.

The principle of a speed —variable scanning
technology with preset areas mode is shown in Fig.2,
there are three scanning phases with different rate
along the scanning direction for a speed —variable
scanning method. First of all, a range of zero—order
interference fringe area of the top test surface as a
start test surface needs to be recorded with white light
interference measurement system. Then, the first
scanning phase is a top fine scanning process using a
low rate with a given step, and an image is taken by
a CCD camera with time —lapse photography to
eliminate th e position jitter. The top fine scanning

area L, is set to be larger than the recorded range of

zero —order interference fringe area for restoring the

Top zero-order interference
fringe area

Fine scanning areas L,

Scanning
direction Accelerated scanning areas L,

(No interference fringe)

Fine scanning areas L,

Bottom test sample surface Bottom zero-order interference
fringe area

Fig.2 Principle of a speed—variable scanning technology

for a large step height measurement
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top test surface. The different length fine scanning
area is set on a basis of the test surface roughness,
tilt and objective magnification in the actual
measurement process. The second scanning process
without the interference fringe, is set to be an
accelerated scanning process for a rapid motioning to
the bottom fine scanning area, the accelerated
scanning area L, is set to be smaller than a nominal
step height. The third scanning process is a similar
process with the first scanning phase. The zero—order
fringe position of the bottom test surface is analyzed
based on the images of bottom fine scanning areas L.
Generally, L, is set to be larger length than L,,
because there are several uncertain factors and
accumulated errors (such as surface parallelism error,
calibration value error). The start and stop of each
phase is controlled by the upper and lower limit of
preset scanning areas length with a feedback
motioning control of the NMM.

Nevertheless, because three scanning preset areas
Ly, Ly, L; need to be set based on the range of zero—
order interference fringe area and the height value of
test sample, the speed —variable scanning method is
main used in accurate repeatability measurement
experiment with the uniform measuring parameters.

With a speed —variable scanning method, the
scanning process is divided into the fine scanning
process for acquiring the zero —order interference
fringe information and accelerated scanning process,
which is an effective way to improve the efficiency
of measurement. Because the measurement time of
the conventional constant scanning method are mainly
consumed in the scanning process of the step side
structure, the larger step height of measurement object
can show the more prominent advantage of efficiency
in practical measurement with the speed —variable

scanning method™”

. And the more measuring precision
is possible because the shorter measurement time

means the lesser environment influence in the milli—

and micro—meter measurement. Nevertheless, because
the limitation of three scanning areas L,, L,, L; need
to be set based on the preset recorded range of top
zero —order interference fringe area and the nominal
step height of test sample, the speed —variable
scanning method is main used in large dimension
structure in vertical direction and accurate repeatability
measurement experiment with the uniform measuring

parameters.

5 Unilateral step height evaluation

A larger vertical step height means a wider
horizontal groove in step height structure with the
limit of depth—to—width ratio. In a large step height
measurement, the CCD cannot acquire the bilateral
information image meeting the bilateral step height
evaluation due to the CCD, hence, a unilateral step
height evaluation needs to be developed for the
evaluation of a unilateral step height structure. In our
discussion, a unilateral step height evaluation is
developed from the ISO 5 436-1-2 000, in which the
step height value is constant, and the slop of fitting
lines for the top and bottom of a standard step are
identical and single.

The standard step height H of each profile can
be deduced by the least squares method™, in which,

y=ox+L+6H (5)
Where « is the slop of fitting line, 8 is constant.
With unknowns «, B, H, is fitted by the method of
least squares to a profile equal in length to two times
the width of the groove. The variable & takes the
values +1 in region A and the value —1 in region B

with the method of least squares as shown in Fig.3.

Y Single line profile of
step height B
X y=ox+p+H/2
H/2
H/2
4 S — y=ox+f-H/2
X

Fig.3 Schematic of a unilateral step height evaluation
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To avoid the influence of any rounding of the
corners, the top and the bottom surface on sides of
the groove shall be ignored for a given length. The
portions to be used for assessment purposes are those
shown at A and B in Fig.3. There are several profiles
in a measurement area with the white light
interference system. The step height value is average
over the results of separate step height value for each
profile is evaluated with the unilateral step height

evaluation.

6 Experimental results

A 10 pm standard step height with a calibration
value of 9.976 wm +£0.028 pm by PTB is measured
using the white light interference system. Based on
the proposed speed—variable scanning technology with
preset areas mode, the scanning area of the 10 pm
standard step height is divided into a top fine
scanning area of 0.5 wm containing the whole zero—
order interference fringe area of about 0.3 pm, an
accelerated scanning area of 9.5 wm and a bottom
fine scanning area of 1.0 pum.

In a fine scanning process, a scanning time is
0.5 s for a scanning step of 50 nm with a scanning

!, and a time —lapse photography is

rate of 0.1 pwms~
0.5s, so an image sampling period is 1ls. Hence, the
top fine scanning process needs 10 s for 10 images,
and the bottom fine scanning process needs 20 s for
20 images. The accelerated scanning process needs
about 5 s without image taken using a canning rate of

! 21 Based on the above calculation, it will

2.5 pms”
need 35 s to take 30 images using the speed—variable
scanning method for the analysis of the top and
bottom zero—order fringe positions of the test standard
step height surfaces. However, the time is 222 s with
22() images using a conventional scanning method M-
for a measurement length of 11.0 wm. The mean
height of 10 times repetitive measurements is 9.971 wm

with a standard deviation of 0.007 pwm using the

speed —variable scanning method, while the result is

9.984 pwm with a standard deviation of 0.010 wm
using the conventional constant scanning method.

It is obvious the speed—variable scanning method
has a similar result with a conventional scanning
method, however, the speed—variable scanning method
reduces the consuming time largely. The results show
that the white light interference system with speed —
variable scanning technology will improve the
measurement efficiency for a large step structure
measurement . The 3D structure and profile of a 10 wm

standard step height are as shown in Fig.4.

10000

15000
8000

£ 10000
E 6000

£ 5000
2 4000
120088 000

-5000
0 800

[=)
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mm 20000

y/mm

(a) 3D topography reconstruction of standard step height

12000
10 0001“L
8000

6000

Height/mm

4000

2000

0 1 I
0 500 1000 1500 2000
x/mm

(b) Single profile of standard step height

Fig.4 Measurement result of the 10 wm standard step height

However, When the measured structures are
continuous change with height or curved surface, the
speed —variable scanning cannot be wused in the
measurement process. A number pattern 242’ on the
surface of ink box is measured to verify the ability of
measuring complex micro/nano scale devices, and
Fourier transform is adopted. As shown in Fig.5, the
surface of ink box is not a flat area but a concave
surface. This means a high precision, non —contact

measurement and 3D surface reconstruction are achieved

by the developed white light interference system.
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Fig.5 3D topography reconstruction of number on ink box
7 Conclusions

A white light interference system with speed —
variable scanning technology has presented to improve
signal utilization and reduce measuring time for a
large step structure measurement, the Fourier
transform and unilateral step height evaluation have
adopted for processing the images acquired by CCD.
The measurement results show that a measuring time
of 35 s, which is much shorter than a measuring time
of the conventional constant scanning method of 222 s,
and a 10-times—repetitive—measurement of 9.971 pum
with a standard deviation of 0.007 pm for a standard
step height of 10 pm. This means the measurement

with a speed—variable scanning method can short the

measuring time largely with a high precision,
compared with a conventional constant scanning
method.
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