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White-light phase-shifting interferometry (WLPSI) is widely recognized as a standard method to measure
shapes with high resolution over a long distance. In practical applications, WLPSI, however, is associated
with some degree of ambiguity of its phase, which occurs due to a phase delay, which is the offset between
the phase of the fringes and the fringe envelope peak position. In this paper, a new algorithm is proposed
for the determination of a fringe order suitable for samples in which the phase delay mainly occurs due
to noise, diffraction and a steep angle. The concepts of the decouple factor and the connectivity are
introduced and a method for calculating the decouple factor and the connectivity is developed. With the
phase-unwrapping procedure which considers these values, it is demonstrated that our algorithm determines
the correct fringe order. To verify the performance of the algorithm, a simulation was performed with
the virtual step height under noise. Some specimens such as step height standard and a column spacer
with a steep angle are also measured with a Mirau interference microscope, after which the algorithm
is shown to be effective and robust.
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I. INTRODUCTION

White-light phase-shifting interferometry (WLPSI) proposed
by [2] and [3, 4] has high resolution over long distances.
WLPSI, however, cannot overcome the limitation of phase-
ambiguity entirely, because it can also detect the fringe order
incorrectly due to the problem of phase ambiguity. In order
to address this issue, a specific strategy has been required
to determine the correct fringe order in relation to WLPSIL

Previous research related to determining of fringe order
was done by [3, 4], [5, 6] and [7]. This work, however,
yielded solutions only for limited samples. [8] suggested a
method to determine the fringe order by phase unwrapping,
though it is not sufficient in practical applications given
undesirable conditions such as noise, diffraction and steep
angles.

In this paper, a new algorithm that corrects errors in
fringe-order determinations is proposed. Prior to the phase

*Corresponding author: srkim1303@gmail.com

unwrapping process, parameters such as the decouple factor
and the connectivity are introduced and calculated. The
decouple factor can compensate for the effect of a phase
delay. As the connectivity contains information on the
edges at which phase unwrapping is prohibited, it is
possible to suppress excessive phase unwrapping.

To verify the performance of the algorithm, a simulation
was performed with the virtual step height under noise.
Some specimens such as step height standard and a
column spacer with a steep angle are also measured with
a Mirau interference microscope, after which the algorithm
is shown to be effective and robust.

II. METHODS

2.1. Introduction of the Decouple Factor
The WLPSI equation using both the phase of white-light

Color versions of one or more of the figures in this paper are available online.
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scanning interferometry (WSI) and the phase of phase
shifting interferometry (PSI) is

¢wlp5i(£) = Puwsi (D) + ¢p5i(i)~ for the i-th pixel (1)
of the image.

where Pwipsi is the phase from WLPSI, Pwsi is the
phase of the fringe envelope peak position, and bpsi is

the phase of the fringe relative to the Dwsi position.
When the phase delay, which is the offset between the
phase of the fringes and the fringe envelope peak position

is greater than T, prsi cannot be calculated correctly due
to the ambiguity of the phase. We can then only calculate

®psi between -77 and 77 as shown in Fig. 1. This means that

¢psi and (ﬁpsi can be related as follows;

Ppsi(D) = (ﬁpsi(i) +2nm, n = integer )

When we assume the fringe order » to be zero, the
equation for WLPSI, Eq. (1), can be written as:

Qﬁwlpsi(i) = d)wsi(i) + (ﬁpsi(i) (3)

where Pwipsi is the phase from WLPSI when the fringe
order n is assumed to be zero.
From Eq. (3), a reasonable proposition can be made

such that the fringe order (ibwlpsi can be assigned as the

same fringe order of (;bpsi, when the both sides of Eq. (3)
are phase-unwrapped. We can express this condition as

é, s (D)

2D

e b,

P s ()

Intensity

Phase

FIG. 1. Phase definition of the interference signal for a
low-coherence source. The upper line is the envelope of
interference signal. The black circle point is the peak of the
envelope which is WSI the phase. The lower line is the
interference signal. The blank circle points denote the captured
signal when we use a 4 bucket or 5 bucket algorithm for
calculating the phase. The left rectangle point is the phase, which
is calculated with the incorrect fringe-order determination. The
right rectangle point indicates the correct phase.

follows;
For neighboring points,

(Zm - l)T[ < (([)wlpsi(i + 1) - @wlpsiﬁ)) = (Zm + 1)7-[
(2m = D < (Gpsii + 1) = Ppsi(D)) < (2m + D @)
m = integer

where m is the integer of the fringe-order difference
between two neighboring points.

Equation (4), however, cannot be met at all points due
to practical measurement conditions such as noise, diffraction

and s steep angle. Therefore, 4, a decouple factor, can
be introduced to address this issue:

(pwsi,d(i) = ¢wsi(i) + (pd(l)

e T D AT R )
(ppsi,d(l) . ¢psi(l) - (pd(l)

where wasi and Ppsi are compensated as wasi,d and

gﬁpsi,d, respectively by the decouple factor ®gq. Then Eq.
(3) can be rewritten using Eq. (5).

éwlpsi(i) = ¢wsi,d(i) + d;psi,d(i) (6)

If we can calculate ¥4 which makes (f)wsf,d and GBpsi,d
satisfy Eq. (4) at all points, the unwrapping method can
become more robust to determine the fringe order.

2.2. Calculation of the Decouple Factor
In this section, we propose a method to calculate the
decouple factor in practical applications. From our practical

application, Pwsi,a can be considered such that the difference

in Pwsia between the neighboring points falls within the
range of -;7 and 7. In addition, the fringe-order difference
m can be limited between -2 and 2 such that the phase
delay due to undesirable conditions such as noise and
diffraction are limited between -5 and S7.

Then Eq. (4) can be rewritten considering Eq. (5) and
Eq. (6).

(Zm - 1)” < ((ﬁwlpsi(i + 1) - (]T)wlpsi(i)) < (Zm + 1)7-[

- < ((pwsi,d(i + 1) - (l)wsi,d(i)) =rn (7)
@m =11 < (Fpsiali+ 1) = Gpera(D) < (2m + D
m=-2,-1,0,12
After Eq. (5) is applied to Eq. (7),

< (usi(+ 1)+ pali+1) = bysia(D) = pa(D) ) <7
@m =D < (Bpali +1) = pali + 1) = Gpes(D) + da(D) < 2m + D

®)
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Let A4¢4(i) be the difference in the decouple factor
between the neighboring points,

Apg(i) = Ppga(i+1) — Pgu(i) ©)

Apply Eq. (9) into Eq. (8),

{ ~7 < ((bwsili + 1) = busia(D) + A (D)) < 0
(@m = D1 < ((Bpsili + 1) = Gpai(D)) = Apa () < 2m + D (10)
From Eq. (10), 4¢4(i) can be ranged as follows;
{ - —A() <A¢pg(i) ST —A(D) }
—@2m+ D+ B@) < A4¢a0) < —(2m - D+ B(i)

AWD = Pusili+ 1) = b () an

B(1) = (ﬁpsi(i +1) - (]Spsi(i)

For a valid A¢g(i) in practical application, the range
of Ap4(i) can be obtained between the maximum of the
two left-hand limits and the minimum of the two
right-hand limits of Eq. (11),

- —A(1)
max (—(Zm + D+ B()

. . =A@
> < Ay(i) < min <—(2m “Dr+ B(i)> (12)

In order to calculate the decouple factor ®4(i), an

iteration procedure is used. The initial A¢4(i) can be
assigned as the median value of the limits of Eq. (12).
That is,

N 1
Apy(i) = —(

! max(—m — A@),—(2m + D + B’(D))(B)

+ min(n —A(),-(C2m -1+ B(i))

Ay (1) will be used instead of Ay (i) in the subsequent
calculations.

For an easy explanation, we consider the pixel and edge
figure shown in Fig. 2. The pixel figure indicates the value

i

=

a
XG0 | = | XG+L)) PIXEL
b
X, 7)
EDGE
XGj+D

FIG. 2. Definition of a pixel and an edge. We define the edge to
explain the connectivity, which is defined between neighboring
pixels.

defined at the pixel, in this case Putpsi- Ppsi, and Pa.
The edge figure indicates the difference value between the
pixel values, in this case APg, A, and B in Eq. (9) and (11).

We extend the previous equations from a one dimensional
case to a two dimensional case as shown in Fig. 3. In a
two dimensional case, one point has four edges on the
upper, lower, left, and right sides. The difference values,
A(i), B(i), Eq. (13) and Ad4(i) can be rewritten as follows;

AH(ivj) = (ibwsi(i + 1r}) - ¢wsi(ivj) (14)
AV(irj) = qbwsi(i-j + 1) - ¢wsi(irj)
By(i,j) = ggpsi(i +1,j) - ggpsi(irj) (15)
By(i,j) = Ppsi(ij + 1) — Ppei(ii )

(@m = D1 < (Guipsii + 1,1) = Puipsi(i,))) < @m + D

{ - —Ap(i,)) <dudpa(i,j) <m—Ap(i ) }(16)
—@2m+ D+ By(i,j) < dyba(ij) < —(2m - D + By (i, /)

m=-2,-10,12

@m-1Dr < (J’wzpsi(i,f +1- J’wlpsi(i'j)) < @m+ D
{ -1t — Ay (i) < Aypa(i,)) <m—Ay(i,j) }(17)
—@m+ D+ By(i)) < Aydalij) < —(2m — D+ By(i, )
m=-2,-10,12
iy < LMo = Ay ), ~@m + D+ By )
nbalb)) =5 <+mm(n—AH(i,j),—<2m ~Dr+ BH“J)))
(13)
oo = }(mmc(—n —Av(L)),—C2m+ Dr + BV(UD)
vba(b)) =7 +min(m — Ay (i, /), —=(2m = D + By (i, )

i A0, j=2)
J T ~
= |
— ™~
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3
/\m =
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FIG. 3. Decouple factor in a two dimensional case. This figure
shows how the definition of the decouple factor changes in a two
dimensional case. At the pixel, the decouple factor is defined. At
the edge, the difference of the decouple factor is defined.
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Aypa(t,)) = Apba(t,j) = da(i+1,7) = bali,])
Ayda(i,)) = Ay, )) = Pa(i,j+1) = pali )

We already know the values of Pwsi and (f)psi at all
pixels. Using Eq. (14), (15), and (18), we can calculate the
values of Ayp,(i,7) at all edges.

Next, we explain how to calculate the decouple factor
¢y from the difference of the decouple factor Apy(i). In
Fig. 3, the values of 4¢y in the four gray edges are
written as follows;

Appa(i = 1,)) = ¢a(i,j) —pai = 1,])
Appa(ij) = pali+ 1)) — da(i,j)
Avpa(i,j—1) = ¢a(i,j) = palij—1)
Avpa(i,j) = ¢ali,j+1) = Pali,j)

(20)

Each equation has one $a(i,j). Let ¢4(i,j) denote the
average of four ¢4(i,j) in Eq. (20). This leads to Eq. (21).

L Ayali = 1)~ Apbali )

C (+Av<¢>a(i.j —1) - Av¢d(z.j))
1( $bai=1,7) + Pa(i +1,)) )
AN+Pa(L,j — D)+ pg(i,j+ 1)

@1

After this strategy is applied once more to the second
term in Eq. (21), Eq. (21) is rewritten as follows;

b = S Ll L) = )
T 4\t dya (i) = 1) = By a (i)

Agpa(i —2,j) — Agpa(i—1,))
+Hhydpa(i—1,7—1) = Aypa(i —1,))
+Aypg(i—1,j—1) —Aypa(i,j — 1)

1 +vda)=2) = dyda(tj =1 | (22)
16 +Apda(i,j) — Apda(i + 1,5)
+Ayda(i+1,j—1) —Aypa(i + 1))
+Aupg(i—1,j+ 1) —Aypa(i,j+ 1)
+Aypa(i,j) — dydpa(i,j+ 1)

1
G

1
The third term in Eq. (22) has a constant g4 . This effect

is almost 1% of the total effect. This term can be ignored.

2.3. Introduction of the Concept of Connectivity

We introduce the concept of connectivity in order to
consider the disconnected edges, serving two purposes.
First, the connectivity can change the decouple factor ¢a(i,J)
to satisfy Eq. (12). Second, this prohibits the unwrapping
of the phase at the disconnected edges.

The connectivity can be given at all edges as follows;

(1 (i+1,j)and (i,j) are connected
Cy (L,
u(l 1){ 0 otherwise
(23)
Co (i j){ 1 (i,j + 1) and (i,j) are connected
ViR io otherwise

The connectivity initially is assigned as one at all edges,
and then changed to a zero under the next three conditions

1. At the boundary of the measurement area: that is,
i=0.i=M:j=0.j=M,,

2. At the edges of an point where the light intensity
signal cannot be obtained.

3. If the difference in Pwipsi between the neighboring
points exceed over 577, as mentioned in relation to
Eq. (7).

where M, is the horizontal image size and M, is the
vertical image size. When we consider connectivity, the
equation for the decouple factor, Eq. (22), is changed, as
follows;

ba(i) = 1( Cu(i A—‘L]A)Aﬂﬁbd(i‘—‘lr/‘) - CH(ir‘j?AHd)d(ir‘j‘) )
T ANG ) - DAvda(i = 1) = G (4 ) Ava(i f)
Cy(t=2,)Cu(i = 1, ))Audpa(i = 2,))
_CH(i - 1v])AH¢d(l - 1!])
+C (-1, - DC(i -1, DAypa(i—1,j - 1)
—Cy(i— 1,/)Cu(i — 1, DAdvpa(i — 1,))
+Cu(i— 1,/ - DC(i,j — Ddpda(i—1,j - 1)
_CH(i'j - 1)CV(L] - 1)AH¢d(l'J - 1)
+CV(irj - Z)CV(lr] - 1)AV¢d(lr1 - 2)
1 =G (,j — Dlypa(i,j — 1)
16 +Cu (i, NAubali,j)
_CH(i + 1'])CH(1'J)AH¢d(l + 1r])
+CV(i + 1r] - 1)CH(lrJ)AV¢d(l + 1!] - 1)
=Gy +1,)Cu(i, NAvai+ 1, /)
+Cu(i— 17+ DG, DApdpai—1,j+1)
_CH(iﬁj + 1)CV(1'J)AH¢d(l'J + 1)
+CV(irj)AV¢d(irj)
—Cy(i,j + DG (i, Ddvdali,j+ 1)

24)

2.4. Iterative Correction of the Decouple Factor and the
Connectivity

We check and correct the decouple factor and the
connectivity using the steps in Fig. 4 and Fig. 5, where
Fig. 4 shows a flow chart for checking the decouple factor
and changing the connectivity at each pixel and Fig. 5
shows when using this flow chart. First, (4(i, j) is calculated
by Eq. (24) and the connectivity at the first pixel in Fig.
5. If the range conditions, Eq. (16) and (17), of the
difference in ¢4(i,]) are not satisfied or if the connectivity
of the edges is not disconnected, the connectivity at the

edge where the difference in Pwipsi is greatest among the

four edges is changed to “disconnected”. Then, ¢4 (i,]) is
re-calculated with the updated connectivity. The reason to
check only the range condition, the Eq. (16) and (17), at
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the left edge and the upper edge is that checking at the
right edge and the bottom edge will be processed at the
next pixels. For example, when the decouple factor and
the connectivity at pixel 5 was checked as shown in Fig. 5,
we don’t check at the right edge and the bottom edge. But
when checked at pixel 8 and pixel 9, these edges will be

(" Start \)

Init. Connectivity Cy,Cr
Section 2.3

|

Calculate Decouple Factor

¢ . 7) <—|
using Equation 24 and C,.C,

A 4

Next Point
Fig. 5
//)/) \\\“\\
7 [Cr(i-1,)=0 o ~_ TRUE
= Equation 16 is true \\'\\
<« and T
T (C,(i,j-1)=0 —
L] — =
\\ o : j . or B _—
T~ Equation 17 is true o~
T —~
\\ //
\ —
~—— /

T FALSE

Calculate the Ag_

wipsi

at the connected edges of point (i, j)

l

Edge which hasMax.Ag,,

wipsi

is disconnected.

Connectivity Cg, C; is changed.

FIG. 4. Flow chart to check and modify the connectivity to
satisfy Equation 16 and Equation 17. Upon the completion of
this flow chart, we obtain one new decouple factor and the four
new connectivity at point (i, j).

)

7 124|711
305|812
6|9 |13
10 | 14
15

FIG. 5. The order of the flow chart in Figure 4 at two dimensional
points. After completing the flow chart at all points, we obtain
the new decouple factor map and the two new connectivity maps
of the vertical map and the horizontal map.

checked. This means that the decouple factor and the
connectivity has been checked at all edges of pixel 5. This
calculation is repeated until ¢4(i,J) satisfies the condition
equations, Eq. (16) and (17). This sequence is performed
following the order shown in Fig. 5. The points which the
edge connectivity changes from “connected” to “disconnected”

demonstrate a major difference in Pwipsi between the
neighboring points. Upon the completion this process, we
obtain the decouple factor ¢4(i,J) at all points and the
connectivity Cy (i, /), Cy(i,/) at all edges.

2.5. Phase Unwrap

The remaining final step involves simply unwrapping
the phase. In this paper, we use [10]a phase unwrapping
method, which is modified to consider the decouple factor
and the connectivity. A modified version of Herraez’s

method uses a phase of $psi,a, which is corrected with
the decouple factor in place of the original phase Ppsi.
The phase-unwrapping step is not performed at the
disconnected edges identified by the connectivity. During
the phase unwrapping procedure, stable phase unwrapping
is possible because we use the decouple factor to
compensate for the phase delay and the connectivity to
suppress excessive phase unwrapping.

III. EXPERIMENTS

To examine the robustness to noise of our algorithm, a
simulation was performed using the following procedure.
The virtual step height with white noise in a range of -kt
to k77 was simulated as follows;

buns(i]) = {0 + Proise(i ) 0<i<50, 0<j<100
wsilh ) =0 4 roise(ij) 50 < i< 100, 0 < j < 100

(;bpsi(irj) = —Pnoise(t,J) (25)

(l)naise(irj) =k - rand(i,j)

where 1rand(i,j) denotes a random signal with range of
-1 to 1 and & is the noise level. This noise can be considered
for a simulated phase delay. The analysis proceeded with
and without our fringe-order determination method. We
discuss the fringe-order determination and if the fringe-
order determination is incorrect at some pixel, the height
error is exactly a multiple of the half of mean wavelength
at that pixel. The virtual step height will be perfectly
recovered if we obtain the correct fringe order. So the
accuracy of noise simulation was not an important point in
this noise simulation. We pointed out how many points
fail to determinate the fringe order under noise. The
results are shown in Fig. 6, showing the ratio of the points
where unwrapping fails on the total points at a noise level
ranging from k=0 to £=3.
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When the noise level & is less than 1, the results are
identical between the WLPSI and our algorithm because
there is no phase ambiguity. When the noise level range is
from 1.0 to 2.0, our algorithm gives a better result, as
shown in Fig. 7. When the noise level, k, exceeds 27, the

0.3

Z

£ 025

= . ././-/.,r'

=] : /

€ 015

£ /

& o1

=

2 / <

Eﬁ 0.05

£

E 0 Liiunll el el ol ol Nl Kol Kl Bl Rl ol ol el ol Bl Rl el el Bl N N S N Y Y B B B

:;E 0 1 2 3
NoiseLevel (k)

—a—WLPSI ——New Algorithm

FIG. 6. We measured the simulation-surface induced random
phase delay by Equation 25 with the conventional WLPSI and
the new algorithm. The lower line shows the acceptable
performance of the new algorithm.

Height [rad]

0®

o

ao®

Point [Pixel]
2
Point [Fixel]

a8

2%, Height [rad)

(b)

FIG. 7. The noise simulated surface measurement at k=1.5: (a)
WLPSI, (b) the proposed algorithm. Fig. 7(a) shows an instance
of incorrect fringe-order determination. The noise’s height is
half of the mean wavelength. In Fig. 7(b), the new algorithm
corrects the incorrect fringe-order determination completely.

fringe order is not determined well enough under our
algorithm due to the limited condition of the phase unwrapping
in which the phase difference between successive points
cannot exceed 277 on a continuous surface. When the
noise level is over 2 in an actual measurement, it can be
estimated that the object was measured under too much
vibration or at a steep angle.

When the measurement height is identical to or lower
than the wavelength of the light source, the measurement
result can be distorted by diffraction at the sharp edge of
the step height, as noted in earlier research by, for
instance, [5]. We measured the step height standard, VLSI
SHS-4500, at a height of 470.3 nm, which is quite close
to the wavelength of light, with a 50X Mirau interference
microscope. We intend to compare the result after we
intentionally create the worst case with a large phase delay.
In that case, the apparatus has a high-magnification lens
and uses a Mirau-type lens. As shown in Fig. 8(a), we
observed that the measured result was distorted at the edge
of the step height standard without our fringe-order determi-
nation method. However as shown in Fig. 8(b), the measure-
ment result was not distorted.

As shown in Fig. 9, another measurement test was
performed with a Mirau interference microscope. We measured
the LCD column spacer sample as shown in Fig. 9, which
has a gradient on its surface with a phase delay of 7. In
particular, on the left side of the sample, the phase delay

0.8
0.6
0.4
0.2

Height [um]

0.0
0.2

0.0 50.0 100.0 150.0

Point [um]

(@)

0.8
0.6

0.4
0.2

Height [um]

0.0

0.0 50.0 100.0 150.0
Point [um]

(b)

FIG. 8. Profiles of VLSI SHS-4500 at a height of 470.3 nm as
measured with (a) WLPSI and (b) the proposed algorism using a
50X Mirau interference microscope. At a sharp edge of the step
sample, the new algorithm can correct the incorrect fringe-order
determination.
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0.0 5.0 10.0 15.0 20.0
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(@)

2.5

2.0 /_ﬁ
E 1.5 .’I \.
_a 1.0 / \\
& 0.5

0.0 ——/ 5\\_‘

0.0 5.0 10.0 15.0 20.0
Points [um]

(b)

FIG. 9. 3D shapes and profiles of column spacer with a steep
angle as measured by a) WLPSI and b) the proposed algorism
using a 50X Mirau interference microscope. This result shows
that the new algorithm corrects the incorrect fringe-order
determination on the left side of the column spacer.

is greater than that on the right side due to the optic
misalignment of the microscope. When applying phase
unwrapping without our fringe-order determination method,
the measurement result is distorted at the boundary of the
sample, with a phase delay of more than 77, as shown in
Fig. 9(a). However, when applying with our fringe-order
determination method, it was possible stably to unwrap a
phase delay of more than 7; in addition the measurement
result is not distorted, leading to correct measurement
result, as shown in Fig. 9(b).

IV. CONCLUSION & DISCUSSION

In this paper, a new algorithm is proposed for the
fringe-order determination in the white light phase-shifting
interferometry to compensate for the phase delay and to
suppress excessive phase unwrapping to overcome the
phase ambiguity problem.

(1) A decouple factor is proposed to compensate for the
phase delay. When the phase is compensated for by
the decouple factor prior to unwrapping, the WLPSI
result can be successfully unwrapped, using the proposed
Eq. (24) for calculating the decouple factor at all points.

(2) The concept of connectivity is proposed to suppress
excessive phase unwrapping. The connectivity is
defined in the vertical and the horizontal directions,
and proper initial connectivity values are devised
beforehand as explained in Section 2.3. This process
allows the determination of the edges at which phase
unwrapping is prohibited.

Proposed Algorithm

Intensity Bty (1) G ) || Poapsiaio ) Bups (> 1)
~ [ ~ >
160 B0 (21) CoCo || haliel) Pos (1)
Phase Method \\\l Unwrapping
4,5 or 7 bucket Process

FIG. 10. Summarization of the proposed algorithm. The proposed
algorithm does not modify the conventional WLPSI algorithm.

(3) The decouple factor and the connectivity are successfully
calculated and corrected according to the proposed
flow chart shown in Fig. 4.

(4) We performed a simulation under noise to verify
the proposed method. The result showed that our
method can reduce the errors induced by diffraction
at a low step height close to the wavelength of light.
We also measured a sample with a steep angle, with
the result demonstrating that our method can successfully
perform phase unwrapping for a phase delay of
more than 1.

(5) The proposed algorithm is found to be very robust
against noise, diffraction, and the angle of the surface
through measurement tests using white-light phase-
shifting interferometry.

The proposed algorithm is summarized as shown in Fig. 10.
This algorithm adds the decouple factor and the connectivity
to the conventional WLPSI process which has the phase-
unwrapping process. So our algorithm can be used in the
conventional WLPSI which uses any phase method like
the 4 bucket, 5 bucket and 7 bucket algorithm. The
calculating time according to this algorithm is small. Some
initial value calculation time and the flow chart calculation
time of Fig. 4 are needed additionally. The flow chart
calculation of Fig. 4 was processed one time for each
pixel. So the number of total calculations is the same as
the total number of pixels.
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