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Abstract. Currently, phase-shifting interferometry is widely used in MEMS (micro-electro-mechanical system)
microsurface topography measurements, and an expensive and high-precision piezoelectric transducer (PZT) is
often necessary to realize phase-shift operation. Because of the feature of a MEMS structure which always has a
flat substrate, a practical algorithm to calculate phase shifts by fast Fourier transformation (FFT) from gathered
interference fringes of the substrate is presented, then microsurface topography can be reconstructed according
to the obtained phase shifts. By means of the presented algorithm, an expensive and high-precision PZT is
unnecessary and the phase-shift operation can even be carried out by rotating the fine focus adjustment
knob. The accuracy and feasibility of the method have been verified by experiments. Experiments indicated

that the presented method can satisfy the needs of in situ MEMS topography measurements and is very simple.
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1 Introduction

With the development of micro fabrication technology, accu-
rate and simple three-dimensional MEMS surface topography
metrology is becoming an urgent necessity. Because of the
advantages of noncontact and high-precision, optical metrol-
ogy>’ has been widely applied in microsurface topography
measurements such as phase-shifting interferometry(PSI),*®
white light interferometry,”'” heterodyne interferometry,' 12
phase-locked interferometry,'* and holography.'*!> Among
these, PSI plays a very important role. In many earlier phase
extraction algorithms that were based on PSI, such as the
Carré algorithm,* Stoilov algorithm,® Schwider algorithm,’
and Hariharan algorithm,8 one had to know the amount of
each shift with a high accuracy to reduce the effects of phase-
shift errors; therefore, it usually required a high-precision
phase-shifter which is very expensive.'® Meanwhile, on the
assumption that only linear error exists in a phase shifter, a
self-calibration algorithm was suggested by Carré* and devel-
oped by Morgan'’ and others. In this paper, based on the fea-
ture of MEMS structure which always has a plane substrate, a
practical algorithm to calculate phase shifts from the gathered
interference fringes of the substrate is presented, then micro-
surface topography can be reconstructed according to the
obtained phase shifts. By means of the presented algorithm,
an expensive and high-precision phase shifter is unnecessary
and the phase-shift operation can even be carried out by rotat-
ing the fine focus adjustment knob. Obviously, it is useful for
in situ MEMS topography measurement.

2 Principle
2.1 Phase-Shift Calculation

Figure 1 is a configuration of phase-shifting interferometry
in which a piezoelectric transducer (PZT) is often used to
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move a reference mirror to induce a phase shift. The inter-
ferometer separates source light so that it follows two inde-
pendent paths, one of which includes a reference mirror and
the other includes the object surface. The separated light
beams then recombine and interfere, and finally are directed
to a digital camera which can record the resultant light inten-
sity of each interferogram. Moving reference mirror by PZT,
a phase shift is induced and the optical path difference of the
two separated light beams is changed. Similarly, another
interferogram that contains intensity distribution can be
recorded. The intensity located at pixel (x,y) of each inter-
ferogram can be expressed in the form

I(x,y) = Iy(x,y) + Iy(x,y) - A cos[p(x,y) + v/, )

where [ is the background intensity, A is the modulation,
@(x,y) is the phase to be determined, and y is initial phase
value.

Usually, the substrate surface of a MEMS device is flat
and smooth enough (in Fig. 1); therefore, the waveform
of the interference intensity along any line on the substrate
is a fine cosine function, as shown in Fig. 2.

Considering two interferograms of a MEMS device sur-
face obtained by a phase shift, the intensities can be repre-
sented as

Ii(x,y) = Io(x,y) + Ip(x,y) - Acos|p(x,y) + ], 2)

Ly(x,y) = Io(x,y) + Io(x,y) - A cos[p(x,y) + wa)]. 3)

Along a line on the substrate, interference intensities of
the two interferograms are cosine functions with the same
period, as shown in Fig. 3. The initial phase values v, y,
can be calculated by fast Fourier transformation (FFT).!*1°
The phase shift Ay,; can be defined as
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Fig. 1 A configuration of phase-shifting interferometry.

Ay =y =y “)

Obviously, Ay, is also the phase shift value of every
pixel of the test surface.

2.2 Algorithm of Phase Distribution

Computing the phase distribution ¢(x,y) requires at least
three interferograms. Existing literature® has shown that
increasing the number of interferograms can appropriately
improve the accuracy of surface topography measurements.
A five-step algorithm is given as

Ii(x,y) = Io(x,y) + Io(x,y) - A coslp(x,y) + ], )
L(x,y) = Io(x,y) + Io(x,y) - A cos[p(x,y) + w2, (6)
I3(x,y) = Io(x,y) + Ip(x,y) - A cos[p(x,y) + w3, (7
I(x,y) = Io(x,y) + Ip(x,y) - Acos|p(x,y) + wa. ®)
Is(x,y) = Io(x,y) + Ip(x,y) - A cos[p(x,y) + ws], )
150
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Fig. 2 Waveform of the interference intensity on the substrate.
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Fig. 3 Interference intensities of two interferograms on the substrate.

where ¢(x, y) is the phase to be determined, and v, y», w3,
W4, and w5 are the initial phase values of the five interfero-
grams, respectively.

Note  that  y, =y +Ayy, y; =y + Ayyy,
w4 =y + Ayy andys =y + Ays;. Thus, Egs. (5) to (9)
can be rewritten as

L (x,y) = Io(x,y) + Io(x,y) - A cos[p(x,y) + 1],  (10)

I(x,y) = Io(x,y) + Io(x,y) - A cos[p(x,y) + i + Ayryy],
(11)

I3(x,y) = Io(x,y) + Io(x,y) - A cos[p(x,y) +y + Ayg],
(12)

Iy(x,y) = Io(x,y) + Io(x,y) - A cos[p(x,y) + i + Apy],
(13)

Is(x,y) = Io(x,y) + Io(x,y) - A cos[p(x,y) +y + Aws].
(14)

Now, in order to eliminate the parameter /,, the intensity
difference can be represented as

14(x,y) = Ir(x,y)
= Iy(x,y) - A{cos[p(x,y) + w1 + Ayy]
—coslp(x,y) + vy + Awy]}

20(x,y) 4 2y + Ayyy + Ay
2

= —2Iy(x,y) - A [sin

5)

A - A
. sin l//412 l//21}
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203(x.y) = Is(x,y) = L1 (x. y)

= Iy(x,y) - A{cos[p(x,y) + i + Ay
—cos[p(x,y) + 1 + Ays ]}
+1Io(x,y) - A{cos[p(x,y) + v + Ays]
—cos[p(x,y) +y]}

20(x,y) + 2y + Ayz; + Ays;
2

= -2[y(x,y) - A [sin

Aysz — A
. sin ll/312 l,1/51]

20(x,y) + 291 + Ay Ay
2 2 |

—2Iy(x,y) - A [Sin
(16)

From Egs. (15) and (16), we figure out the following
equation
2[I4(x,y) = I(x, )]
2I3(x,y) = Is(x,y) = I; (x,y)
2F - sin 2¢(X»Y)+2V/1;FAW41+A'I/21

- () 12y, +Ayy LA - 20(xy) 2y +Ayy,
P . gin 2020+ V/l2+ wa +AYs, + 0 -sin ¢(X))+2vn+ Wi

a7

o Ay —A - Ay —A - A
where F = sin =522 P — gin SAZ2VSL ) — sin 43t

2(1, - 1)

E=—2% "2
2 — 15— 1,

Thus, Eq. (17) can be rewritten as

. Ay + A
EP sin [co(x, y) i+ M}

2

A
+EQ sin [co(x,y) +y+ 1/2/31}

Ay + AW21:|

> (18)

= 2F sin [cp(x, y) Fy+

Fig. 4 Experimental setup.

Then further simplify Eq. (18) and the following two
equations are obtained

A A A
sin(g(x,y) + y1) [EP cosw + EQ cos lgm
_2F cos M}
2
Ayy + Ay

= cos (@(x,y) + 1) [ZF sin

A A A
—EP SinM—EQ sin%} (19)
tan(e(x. y) +y)
EP sin &2t | BQ sin 2% — 2 F sin AatAva
" EP cos 2V 4 EQ cos A4 — 2F cos A¥artAva”

(20)

Finally, the wavefront phase ¢(x,y) 4y is obtained

EP sin%—kEQ sin%— 2F sinw

o(x,y) +w, =— arctan(

where Ay, Ay, Ayy; and Ays; are the phase shifts
that can be calculated by the above mentioned method in
Sec. 2.1.

The wavefront phase ¢(x, y) + y obtained from Eq. (21)
is wrapped phase which is often discontinuous and needs to
be unwrapped as a continuous phase distribution ¢’(x, y).
Then, the microsurface topography is obtained by

A
h(xvy) :E'(p/(x’y)’ (22)
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21
EP cos L“;A‘”“ +EQ cos% —2F cos L“;A"’z‘)

where 1 is the light wavelength and A(x, y) is a height func-
tion which relates to topography.

3 Experiment and Results

3.1 Experimental Setup

The experimental setup is a metallographic microscope
(Type: Nikon-L150) whose objective is replaced by a Mirau
interference objective (50%, Nikon), as shown in Figs. 4 and
5. The pixel size of the charge-coupled device (CCD) camera
is 7.4 pum, and the pixel number is 2560 X 1920. The light
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Beam splitter

Light source \
Field diaphragm
Mirau interference
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Rectangle I
Rotate the fine
focus adjustment . .
knob to move the I r——: Fig. 8 The second interferogram.
stage Micro surface

stage

Fig. 5 Diagram of experimental system.

source wavelength is 633.3 nm. A micro structure, whose
surface topography will be detected, is shown in Fig. 6. The
detailed steps to record interferograms are as follows: Rangle IT

Step 1 Fix the micro structure on the stage, and adjust the
microscope to show images of this micro structure
clearly and make sure that there are interference
fringes in the images.

Step 2 Rotate the fine focus adjustment knob slightly to
move the stage and micro structure in the vertical
direction. The optical path difference of two sepa-
rated light beams is changed; therefore, another o
interferogram which is different from the former Fig. 9 The third interferogram.
one can be recorded by CCD.

Rectangle I

Rectangle IT

Rectangle I

MNIMU-SEM

Fig. 10 The fourth interferogram.

Fig. 6 A scanning electron microscope photo of the test sample.

Rectangle IT Rectangle IT

Rectangle I Rectangle I

Fig. 7 The first interferogram. Fig. 11 The fifth interferogram.
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Fig. 12 Topography of the test surface (five-step).
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Fig. 13 Topography of the test surface (Kong-Kim).

Fig. 14 Three different regions.

Following these steps, five interferograms are obtained
which are shown in Figs. 7-11.

3.2 Topography Reconstruction

In order to reduce the influence of noise on the accuracy of
the phase shift measurement, a rectangular region which con-
tains many lines is selected (as shown in Figs. 7 through 11),
then the average value of the phase shifts obtained from all

Fig. 15 A line on the test surface.

lines in the rectangular region can be calculated and consid-
ered as the phase shift value of every pixel of the test surface;
this is more accurate than that obtained from a single
line.

On the substrate area, respectively, select five rectangular
regions (i.e., Rectangle I) at the same position on the five
interferograms, as shown in Figs. 7 through 11.

Using the above presented method, the actual phase shift
values Ay,;, Az, Ay, and Ay also can be figured out
by MATLAB®® as

Table 1 Error analysis of phase shift values.

Area | Area Il Area lll
Kong- Kong- Kong-
Presented Kim Presented Kim Presented Kim
method method Ap method method Ao method method Aps
Ayoy 58.40 57.08 1.32 58.56 58.26 0.30 58.57 58.95 0.38
Aysy 132.78 131.40 1.38 131.89 131.79 0.10 132.23 132.30 0.07
Ay 213.85 208.74 5.11 213.18 210.98 2.20 213.38 212.79 0.59
Ay 16.70 16.88 0.18 16.41 16.39 0.02 16.72 16.85 0.13
Optical Engineering 024103-5 February 2015 « Vol. 54(2)
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Ay =58.79 deg  Aws = 132.47 deg
Ay, = 21337 deg  Aws; = 16.31 deg.
Select the rectangular region (i.e., Rectangle II) in Figs. 7

through 11 as the test surface, then the test surface topogra-
phy is reconstructed as shown in Fig. 12.

4 Discussion

The optical resolution of the microscope is 0.575 ym, and
the actual length of a pixel is 0.15 ym in the horizontal

direction while the resolution in the vertical direction is
0.62 nm. The measurement resolution in the vertical direc-
tion is often defined by practical experiments.

In the existing literature, In-bok Kong and Seung-Woo
Kim presented a general algorithm of phase-shifting interfer-
ometry by iterative least-squares fitting'® which used the idea
of iteration’'** and had a rather high precision in the phase
shift and topography measurement.

Hence, the test surface topography, which is also men-
tioned in Sec. 3.2 and is reconstructed by the Kong-Kim
algorithm, is given here, as shown in Fig. 13.

() Comparison of topography (b) Topography errors and phase-shifting errors
3000 T T y T - v - -
2000 2.5 p 1
g 1000 E 2 1
£ o0 £ 15 .
= =
T 1000 g 1
-2000 five step 0.5 1
Kong-Kim
-3000 - . : . 0 . . . .
0 200 400 600 800 1000 0 200 400 600 800 1000
Position(pixel) Position(pixel)
(©) Comparison of topography (d) Topography errors and phase-shifting errors
3000 T T T T 1.5 T - - T
2000
1
,g 1000 ,g
£ 0 1 £ os
5 9
T 1000 e ‘
0
-2000 five step
Kong-Kim
-3000 . - . . -0.5 - - . -
0 200 400 600 800 1000 0 200 400 600 800 1000
Position(pixel) Position(pixel)
(e) Comparison of topography ) Topography errors and phase-shifting errors
3000 T 0.15
2000 0.1
g 1000 g 0.05 N 'r
5 0 5 0
= =
T 1000 T _0.05
-2000 five step -0.1
Kong-Kim
-3000 - - - - -0.15 . - - !
0 200 400 600 800 1000 0 200 400 600 800 1000
Position(pixel) Position(pixel)

Optical Engineering

Fig. 16 Reconstructed topography and topography errors by three sets of phase shift values: (a) topog-
raphy reconstructed by the calculated phase shift values in Area I; (b) relationships between topography
errors and the calculated phase shift values in Area I; (c) topography reconstructed by the calculated
phase shift values in Area Il; (d) relationships between topography errors and the calculated phase shift
values in Area lI; (e) topography reconstructed by the calculated phase shift values in Area lll; (f) relation-
ships between topography errors and the calculated phase shift values in Area lIl.
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Fig. 17 Waveform of the interference intensity on the substrate.

From Figs. 12 to 13, it shows that the test surface topog-
raphy which is reconstructed by the presented method is con-
sistent with the reconstructed topography by the Kong-Kim
algorithm.

Meanwhile, the resulted phase shift values in the Kong-
Kim algorithm can be compared with the calculated phase
shift values in the presented method.

Select three different regions in Fig. 14 on five corre-
sponding interferograms (Figs. 7 through 11), then three
sets of results which are obtained by, respectively, processing
three regions of the interferograms as can be seen in Table 1.

In Table 1, Ay, Ayy, and A,z are the absolute errors
between the presented method (Five-step) and the Kong-Kim
algorithm. From Table 1 and Fig. 14, we can see that what-
ever is images in Area I, Area II, or Area III, the absolute
errors are very small. Especially in Area III where the light
intensity is stronger, the absolute error A,; is minimal
among the three different regions mostly because it has a bet-
ter signal-to-noise ratio. Moreover, in theory, the phase shift
values are the same whatever is present in Area I, Area II, or
Area III because the phase shifts are global. From Table 1, it
is clear that the phase shift values which are calculated by the
presented method are also nearly consistent. Thus, compared
with Kong-Kim algorithm, the results from the presented
method are better in the region where the light intensity is
weaker (i.e., Area I and Area II), and the main reason is the
presented method which is based on FFT can filter some
noise in the phase-shift calculation and improve the precision
of phase-shift calculation. Therefore, to obtain accurate
phase shift values, it is necessary to process the good-quality
regions of the obtained interferograms as far as possible.®**

In order to evaluate the influence of the phase-shifting
errors, we respectively adopt three sets of calculated phase
shift values in Table 1 to reconstruct topography by process-
ing a line in Fig. 15, and the results are shown in Fig. 16.

In Figs. 16(a), 16(c) and 16(e), it is clear that the results of
topography which are reconstructed by using three sets of
phase shift values in Table 1 are extremely overlapping.
Since the phase-shifting error is minimal in Area III, the cor-
responding topography error also has a minimal value, which
is about 0.1 nm, as shown in Fig. 16(f). Besides, the phase-
shifting error is larger in Area I; therefore, the corresponding
topography error has a bigger value which is about 3 nm, as
shown in Fig. 16(b).

In order to further improve the accuracy of the phase shift
values, the initial phase y should be precisely figured out as
far as possible. As shown in Fig. 17, considering the feature
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Fig. 18 lllustration: how to select complete periodic waveforms.

of FFT, it is better to select n complete periodic waveforms
on the substrate.

The method to select n complete periodic waveforms is as
follows:

Step 1 Calculate the interference intensity difference along a
line Aly =1, -1, ==2I,- A sin®5% sin[p(x,y)+
%], and the period of Al,; is the same as /; and
I,, as shown in Fig. 18.

Step 2 Figure out a couple of zero points of Al,; by
MATLAB, and make sure that the length between
the two zero points includes a few of the complete
periodic waveforms.

Step 3 Select a section on /; and I, respectively, between
the two zero points of Al,; to calculate phase shift
Ay, as shown in Fig. 18.

The above-mentioned phase shift values are the pivotal
factor that influences the presented algorithm. Additionally,
there are some other error sources of the proposed method as
follows:

1. The instability of the light source causes noises in the
illuminated field.

2. The ambient vibration affects the process of image
capture.

3. The optical defocus affects the quality of interfero-
grams in practical experiments.

4. In many cases, the CCD is nonlinear so that it also
induces measurement errors.

5 Conclusion

The accuracy and feasibility of the method have been veri-
fied by experiments. The main advantages of the presented
algorithm are as follows: (1) the algorithm can meet the accu-
racy requirement of the vast majority of MEMS topography
measurements. (2) The speed of computation is faster than
the iteration operation and initial values are unnecessary
while inappropriate initial values can even lead to wrong
results. (3) The phase-shift calculation is simple and the
phase-shift operation does not require a high-precision PZT,
just rotation of the fine focus adjustment knob; therefore, it
makes the presented method more practical and meaningful.

February 2015 « Vol. 54(2)
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In a word, it is very suitable for in situ MEMS topography
measurements.
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