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A B S T R A C T   

Wavelength-scanning interferometry has been widely used for surface measurements of silicon wafers with a 
high reflection factor owing to its non-contact and high-resolution measurement. However, the measurement 
results are degraded by the second-order harmonics of the signal and nonlinearity of phase modulation in 
wavelength scanning. In this study, a harmonic phase-iterative technique using five-frame experimental in-
terferograms was developed for the surface measurement of a silicon wafer, while simultaneously compensating 
for the second-order harmonics and nonlinear phase modulation. Considering the reflection factor of the silicon 
wafer and the harmonics of the signal, a harmonic phase-iterative technique was derived. Furthermore, by 
combining the proposed iterative technique with the harmonic convergence condition and the selected pixel 
technique, the harmonic phase-iterative technique was insensitive to divergence errors and considerably reduced 
the computational time of phase extraction. The surface of the silicon wafer was measured using the harmonic 
phase-iterative technique and five-frame interferograms obtained using a wavelength-scanning Fizeau interfer-
ometer. The repeatability error of the silicon wafer surface measurement was 2.617 nm. Finally, it was confirmed 
that the harmonic phase-iterative technique had superior phase-extraction ability in terms of residual ripples and 
repeatability errors compared to the conventional iterative technique and phase-modulation technique.   

1. Introduction 

Silicon wafers are the key components of semiconductor chips and 
have been widely applied to digital devices, such as consumer elec-
tronics, automobiles, and computer systems [1,2]. Regarding digital 
device quality, the surface of the silicon wafer is a critical factor that 
determines the electrical properties of semiconductor chips [3,4]. 
Therefore, the surface of the silicon wafer should be examined with 
nanoscale accuracy to produce optimal semiconductor chips. 

Optical interferometry has been broadly applied to the surface in-
spection of silicon wafers owing to its non-contact and high-resolution 
measurements [5]. Among the various optical interferometric 
methods, wavelength-scanning interferometry has been used for the 
surface measurement of silicon wafers [6,7]. The phase difference be-
tween the two reflected beams from the wafer and reference surfaces is 
modulated by wavelength scanning in this method [8,9]. During 
wavelength scanning, interferograms are obtained, and the target phase 
corresponding to the wafer surface is calculated using phase-extraction 
techniques [9,10]. 

Two methods have been widely used to extract phase from obtained 
interferograms: phase-modulation technique [11–15] and 
phase-iterative analysis [16–19]. In the phase-modulation technique, 
the phase intervals should be changed with the exact same value during 
wavelength scanning, following which the target phase can be deter-
mined using the phase-modulation algorithm. In the phase-modulation 
technique, the high reflection factor of the wafer surface increases the 
effect of second-order harmonics in phase extraction [6,20]. The 
nonlinearity of phase modulation, which is common during wavelength 
scanning, significantly reduces measurement accuracy [21,22]. There-
fore, for a precise phase extraction, the phase-modulation technique 
requires many interferograms for phase extraction, while eliminating 
the effects of second-order harmonics and nonlinear phase modulation 
[6,10,23–25]. In our previous study, we developed a 5N–4 
phase-modulation algorithm and measured the surface profile of a sili-
con wafer with the crosstalk noise suppressed [10]. This algorithm 
demonstrated excellent error-resistance ability, but requires many in-
terferograms (26 interferograms) for measuring the wafer surface. When 
obtaining interferograms, environmental factors, such as temperature 
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fluctuation [26] and floor vibration [27], may be mixed into the ob-
tained interferograms. The effect of environmental uncertainties can 
then be observed in the measurement results as systematic errors [10]. 
Moreover, because obtaining larger than ten-frame interferograms is 
time-consuming, industrial fields have generally used four-frame [28] or 
five-frame [29,30] algorithms based on the phase-modulation technique 
for wafer inspection. However, the four-frame and five-frame algorithms 
are vulnerable to phase-modulation nonlinearity and environmental 
uncertainties [31–33]. 

The restrictions of the phase-modulation technique can be solved 
using phase-iterative analysis [16–19] by combining 
wavelength-scanning interferometry. In this technique, the target phase 
can be calculated using four-frame [16] or five-frame [18] interfero-
grams. Additionally, the nonlinearity of phase modulation does not 
generate systematic errors in the calculated phase because 
phase-iterative analysis uses randomly phase-modulated interferograms 
for phase extraction [16]. However, conventional phase-iterative anal-
ysis cannot be applied to the precision surface measurement of silicon 
wafers because of its vulnerability to the effects of second-order har-
monics. Xu proposed an iterative technique based on the harmonics of 
the signal, but it required prior calculation of the phase-modulated pa-
rameters using the fast Fourier transform (FFT) method before the first 
iterative cycle, and the experimental results had significant residual 
ripples [34]. 

In this study, a harmonic phase-iterative algorithm using five-frame 
interferograms was developed for the surface measurement of a silicon 
wafer with the elimination of the effect of the second harmonics. The 
harmonic phase-iterative technique was developed by considering the 
reflection factor of the wafer surface and the second-order harmonics of 
the fringe intensity. Then, by integrating the proposed iterative tech-
nique with the harmonic convergence condition and the selected pixel 
technique, it was observed that the harmonic phase-iterative technique 
was insensitive to divergence errors and had a reduced computational 
time. For the verification experiment, the surface profile of the four-inch 
silicon wafer was measured using the newly developed phase-iterative 
analysis and wavelength-scanning Fizeau interferometer. The effec-
tiveness of the new phase-iterative analysis was verified by comparing 
residual ripples and repeatability errors between the conventional iter-
ative technique and phase-modulation technique. 

2. Fringe intensity in wavelength-scanning interferometer 

To perform the surface measurement of silicon wafers using a laser 
Fizeau interferometer, the reflection factors of the reference surface ρ1 
and silicon wafer surface ρ2 should be considered because of the mul-
tiple reflections between the two surfaces of the Fizeau interferometer 
(Fig. 1). 

When changing the wavelength of the laser interferometer using the 
wavelength-scanning technique, the fringe intensity is defined as follows 
[13]: 

Ipq = Spq0 +
∑K

r=1
Spqr cos

(
φqr +αpr

)
= Spq0

[

1+
∑K

r=1
Vr cos

(
φqr +αpr

)
]

= Spq0 + Spq0V1 cos
(
φq1 + αp1

)
+ Spq0V2 cos

(
φq2 +αp2

)
+⋯,

(1)  

where Spq0 is the DC component and Spqr, φqr, αpr, and Vr are the 
amplitude, phase, phase-modulated parameter, and visibility of the r-th 
harmonic components, respectively. From Eq. (1), the subscript p de-
notes the p-th phase-modulated interferogram (p = 1, 2, …, M), q de-
notes the position of a pixel according to the pixel coordinates (q = 1, 2, 
…, L), and r denotes the order of the harmonics in the fringe intensity (r 
= 1, 2, …, K). Moreover, M is the total number of phase-modulated 
interferograms, L is the total number of pixels in the interferogram, 
and K is the highest order of the harmonic components. For example, φ13 
(q = 1 and r = 3) represents the phase of the third harmonic of the first 
pixel in the interferogram, and α24 (p = 2 and r = 4) indicates the phase 
modulation parameter of the fourth harmonic of the second phase- 
modulated interferogram. 

In Eq. (1), the visibility of the r-th harmonic component can be 
expressed using the reflection factors ρ1 and ρ2 in Fig. 1. 

V1 =
2(1 − ρ1)(1 − ρ2)

ρ1 + ρ2 − 2ρ1ρ2

̅̅̅̅̅̅̅̅̅ρ1ρ2
√

, (2)  

V2 = − V1
̅̅̅̅̅̅̅̅̅ρ1ρ2

√
. (3) 

The visibility of the second harmonics V2 of the fringe intensity de-
creases by a square root of ρ1ρ2, compared with the visibility of the 
fundamental signal. However, because the silicon wafer surface has a 
large reflection factor (ρ2 = 0.3), the second harmonic component is the 
dominant error source in phase extraction. 

In the phase-modulation technique, the phase-modulated parameter 
should increase with the same phase interval during wavelength scan-
ning. However, in the actual measurement process, the phase- 
modulated parameter has the nonlinear properties of phase modula-
tion owing to the environmental vibration [27] and nonlinear response 
of the piezoelectric transducer (PZT) [21,22]. Moreover, when per-
forming the surface measurement of the silicon wafer, the combined 
errors between the second harmonics of the signal and nonlinearity of 
the phase modulation can cause critical systematic errors in the exper-
imental results [10,19]. 

To precisely measure the wafer surface, the phase of the fundamental 
signal must be determined using the phase-extraction technique while 
simultaneously suppressing the second harmonic component and 
nonlinear phase modulation. 

3. Harmonic phase-iterative analysis 

3.1. Least-squares method of the harmonic phase-iterative analysis 

To extract the phase of the fundamental signal (r = 1) corresponding 
to the surface of the silicon wafer, a phase-iterative technique was 
applied to the phase extraction with wavelength scanning. In this 
technique, the measurement results do not suffer from nonlinear phase- 
modulation errors because the target phase is determined using in-
terferograms with random phase-modulated parameters [16–19]. The 
phase-iterative technique resistant to the combined errors between the 
second-order harmonics and nonlinear phase modulation was developed 
by considering the harmonics of the fringe intensity defined in Eq. (1). 

When the total number of phase-modulated interferograms and 
pixels is considered, the fringe intensity in Eq. (1) is a linear equation 

Fig. 1. Laser Fizeau interferometer for assessing a silicon wafer surface. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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with ML usable equations and ML + MLK + LK + MK unknown pa-
rameters, corresponding to Spq0, Spqr, φqr, and αpr, respectively. The 
phase of the fundamental signal should be determined by performing the 
partial least-squares method in the phase-iterative technique because 
the number of usable equations is smaller than that of unknowns in Eq. 
(1) [16]. 

Based on the assumption that the DC component and amplitude of 
the r-th harmonics have only pixel-to-pixel variation, the fringe intensity 
in Eq. (1) can be expressed as follows: 

Ipq = Spq0 +
∑K

r=1
Spqr cos

(
φqr + αpr

)
= Sq0 +

∑K

r=1
Sqr cos

(
φqr +αpr

)
=Xq

+
∑K

r=1

(
Yqr cos αpr +Zqr sin αpr

)
, (4)  

where the coefficients Xq, Yqr, and Zqr correspond to Sq0, Sqrcosφqr, and 
-Sqrsinφqr, respectively. With the known phase-modulated parameter αpr, 
the number of unknown parameters is reduced to L + 2LK. Because the 
number of usable equations in Eq. (4) is ML, the unknown parameters 
can be determined if M ≥ 1 + 2K. From this relationship, at least five- 
frame interferograms (M = 5) are required to extract the phase of the 
fundamental signal, while suppressing the effects of the second har-
monics (K = 2). To determine the coefficients Xq, Yqr, and Zqr, the least- 
squares error related to the phase-modulated interferograms is defined 
as follows: 

Eq =
∑M

p=1

(
Ipq − Ie

pq

)2
=

∑M

p=1

[

Xq +
∑K

r=1

(
Yqr cos αpr + Zqr sin αpr

)
− Ie

pq

]2

,

(5)  

where Ipq
e is the fringe intensity of the experimental interferogram. 

Using the partial least-squares method, the coefficients Xq, Yqr, and Zqr 
are calculated by minimizing the least-squares error, and are expressed 
as follows: 

∂Eq

∂Xq
=

∂Eq

∂Yqr
=

∂Eq

∂Zqr
= 0. (6) 

Eq. (6) can be written as follows: 

UrGr =Hr, (7)  

where   

Gr =
[
Xq Yq1 Zq1 ⋯ Yqr Zqr

]T
, (9)  

Hr =

[
∑M

p=1
Ie

pq

∑M

p=1
Ie

pq cos αp1

∑M

p=1
Ie

pq sin αp1 ⋯
∑M

p=1
Ie

pq cos αpr

∑M

p=1
Ie

pq sin αpr

]T

.

(10) 

From Eq. (7), Yqr and Zqr can be calculated. Then, the phase of the r- 
th harmonics is defined as follows: 

φqr =Arctan
(

−
Zqr

Yqr

)

. (11) 

During the iterative cycle of the phase-iterative technique, the phase 
calculated using Eq. (11) was used to adjust the input value to calculate 
the phase-modulated parameter. 

Assuming that the DC component and amplitude of the r-th har-
monics have only fringe-to-fringe variations, the fringe intensity can be 
described as follows: 

Ipq = Spq0 +
∑K

r=1
Spqr cos

(
φqr +αpr

)
= Sp0 +

∑K

r=1
Spr cos

(
φqr + αpr

)
=X’

p

+
∑K

r=1

(
Y ’

pr cos φqr + Z’
pr sin φqr

)
,

(12)  

where the coefficients X’p, Y’pr, and Z’pr are defined as Sp0, Sprcosαpr, and 
-Sprsinαpr, respectively. When the phase φqr is known, the number of 
unknown parameters reduces to M + 2 MK. Because the number of us-
able equations in Eq. (12) is ML, the unknown parameters can be 
identified if L ≥ 1 + 2K. To identify the coefficients X’p, Y’pr, and Z’pr, the 
least-squares error related to the pixels of the interferogram is defined as 
follows: 

E’p =
∑L

q=1

(
Ipq − Ie

pq

)2
=

∑L

q=1

[

X’p +
∑K

r=1

(
Y’pr cos φqr + Z’pr sin φqr

)
− Ie

pq

]2

.

(13) 

The coefficients X’p, Y’pr, and Z’pr are identified using the partial 
least-squares method by minimizing the least-squares error E’p and are 
expressed as follows: 

∂E’p

∂X’p
=

∂E’p

∂Y’pr
=

∂E’p

∂Z’pr
= 0. (14) 

Eq. (14) can be represented as follows: 

Ur =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
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⎢
⎢
⎢
⎣
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∑M

p=1
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∑M

p=1
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∑M

p=1
cos 2αp1
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p=1
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p=1
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p=1
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∑M

p=1
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∑M

p=1
sin 2αp1 ⋯

∑M

p=1
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∑M

p=1
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p=1
cos αpr
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cos αpr cos αp1
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p=1
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∑M

p=1
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∑M
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sin αpr
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sin αpr cos αp1
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p=1
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∑M
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, (8)   
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U’rG’r =H’r, (15)  

where   

G’r =
[
X’p Y’p1 Z’p1 ⋯ Y’pr Z’pr

]T
, (17)  

H’r =

[
∑L

q=1
Ie

pq

∑L

q=1
Ie

pq cos φq1

∑L

q=1
Ie

pq sin φq1 ⋯
∑L

q=1
Ie

pq cos φqr

∑L

q=1
Ie

pq sin φqr

]T

.

(18) 

From Eq. (15), Y’pr and Z’pr can be calculated, and the phase- 
modulated parameter of the r-th harmonics is defined as follows: 

αpr =Arctan
(

−
Z’pr

Y’pr

)

. (19) 

The phase-modulated parameters calculated in Eq. (19) were used to 
adjust the input value for the phase extraction in the iterative cycle. 

3.2. Harmonic convergence condition 

Because of the multiple reflections from the two surfaces of the 
Fizeau interferometer depicted in Fig. 1, the phase-iterative technique is 

sensitive to divergence errors because the phase-modulated parameter 
of the r-th harmonics is the integer ratio of that of the fundamental signal 
(r = 1). Therefore, the phases and phase-modulated parameters cannot 
be identified using the phase-iterative technique owing to the diver-
gence of the partial least-squares method in Eqs. (8) and (16), respec-
tively: To avoid divergence errors when identifying the phases and 
phase-modulated parameters, the harmonic convergence condition is 
applied to the phase-iterative technique and is expressed as follows: 

max
[⃒
⃒
⃒

(
αk

pr − αk
1r

)
−
(

αk− 1
pr − αk− 1

1r

)⃒
⃒
⃒

]
< ε, (20)  

where k is the number of cycles of the phase-iterative technique. From 
Eq. (20), ε is the predetermined threshold of the convergence condition 
(e.g., 10− 4 rad). In accordance with Eq. (20), the results of the iterative 
cycle are evaluated using the αpr of each harmonic component. When all 
cases of αpr (p = 1, 2, …, M and r = 1, 2, …, K) satisfy Eq. (20), the phases 
and phase-modulated parameters are identified using the iterative 

U’r =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
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⎢
⎢
⎢
⎢
⎣
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∑L
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∑L
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cos φq1 cos φqr

∑L

q=1
cos φq1 sin φqr

∑L

q=1
sin φq1

∑L

q=1
sin φq1 cos φq1

∑L

q=1
sin 2φq1 ⋯

∑L

q=1
sin φq1 sin φqr

∑L
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sin φq1 cos φqr

⋮ ⋮ ⋮ ⋱ ⋮ ⋮
∑L
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cos φqr

∑L

q=1
cos φqr cos φq1

∑L
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cos φqr sin φq1 ⋯

∑L

q=1
cos 2φqr

∑L

q=1
cos φqr sin φqr

∑L

q=1
sin φqr

∑L

q=1
sin φqr cos φq1

∑L

q=1
sin φqr sin φq1 ⋯

∑L
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sin φqr cos φqr

∑L

q=1
sin 2φqr
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⎥
⎥
⎥
⎥
⎥
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⎥
⎥
⎥
⎥
⎥
⎥
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⎥
⎥
⎥
⎥
⎦

, (16)   

Fig. 2. (a) Random phase-modulated interferogram of silicon wafer and (b) example of selected pixels on the interferogram at a uniform distance. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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technique, while suppressing divergence errors. For example, when the 
second-order harmonic component is considered, at least five-frame 
interferograms are needed to determine the unknown parameters (r =
1, 2 and p = 1, 2, …, 5). To identify the phase and phase-modulated 
parameter, both phase-modulated parameter of the fundamental signal 
(r = 1 and p = 1, 2, …, 5) and that of the second-order harmonic 
component (r = 2 and p = 1, 2, …, 5) should satisfy Eq. (20). 

However, the harmonic convergence condition incorporated into 
the phase-iterative technique increases the computational time of the 
iterative cycle because many pixels in each interferogram are used to 
determine the phase-modulated parameters. To enhance the compu-
tational ability of the iterative technique, selected pixels were pro-
posed. The selected pixels are located on the interferogram with a 
uniform distance to calculate the local phase-modulated parameter 
used in the iterative technique. Fig. 2 shows the interferogram of the 
silicon wafer and example of the selected pixels on the interferogram at 
a unifrom distance. In the selected pixels, the DC component and 
amplitude of the harmonic component have both pixel-to-pixel and 
fringe-to-fringe variations due to the nonuniformity of the original 
interferogram [19]. Therefore, the selected pixels can be applied to the 
assumptions to calculate the phase and phase-modulated parameter. To 
calculate the unknown phase-modulated parameters using 
fringe-to-fringe variations, the total number of selected pixels Ls must 
satisfy Ls ≥ 1 + 2K. Before calculating the phases and phase-modulated 
parameters using the proposed iterative technique, the properties of 
the selected pixels are preset by considering the number of unknown 
parameters and interferograms. 

3.3. Process of the harmonic phase-iterative technique 

To extract the target phase, the harmonic phase-iterative technique 
comprises five steps. During the iterative cycle, the target phase φq1 and 
phase-modulated parameter αpr are determined by the partial least- 
squares method and evaluated by virtue of the harmonic convergence 
condition. A flow chart of the harmonic phase-iterative technique is 
shown in Fig. 3. Each step of the proposed harmonic iterative technique 
is expressed as follows:  

➢ Step 1. The properties of the selected pixels are preset with respect to 
the number of phase-modulated interferograms and unknown 
parameters.  

➢ Step 2. Using the phase-modulated parameters αpr
k - 1 obtained in the 

previous cycle, the target phase φq1
k at the selected pixels was 

calculated using pixel-to-pixel variations, as expressed in Eqs. (6) 
and (11). In the first cycle, the phase-modulated parameter of the 
fundamental signal αp1

0 is a random value between 0 and 2π, while 
that of the r-th harmonics αpr

0 is set to rαp1
0.  

➢ Step 3. Using the target phase φq1
k obtained in Step 2, the phase- 

modulated parameter of the r-th harmonics αpr
k at the selected 

pixels is calculated using the fringe-to-fringe variations, as expressed 
in Eqs. (14) and (19).  

➢ Step 4. To evaluate the calculation results of the iterative cycle, the 
calculated phase-modulated parameters were assessed using the 
harmonic convergence condition defined in Eq. (20). If the calcu-
lated phase-modulated parameters satisfy the convergence condi-
tion, αpr

k (p = 1, 2, …, M, and r = 1, 2) is the final parameter. 
Otherwise, Steps 2 and 3 must be repeated until the harmonic 
convergence condition is satisfied.  

➢ Step 5. Using Eqs. (6) and (11), the target phase φq1
k was calculated 

using the pixel-to-pixel variations and entire pixels of the 

interferograms, with the final phase-modulated parameter αpr
k. The 

surface of the silicon wafer can then be obtained using an unwrap-
ping process. 

4. Experiment and results 

4.1. Wavelength-scanning Fizeau interferometer 

To assess the surface of the four-inch silicon wafer, the wavelength- 
scanning Fizeau interferometer depicted in Fig. 4 was used. In Fig. 4, the 
measured silicon wafer has a reflection factor of 30% (ρ2 = 0.3 in Fig, 1) 
and the air-gap distance D was approximately 3 mm. The temperature of 
the laboratory was 20.5 ◦C (±0.1 ◦C) during the experiments. 

The laser source was a Littman-type diode laser (New Focus TLB- 
6300-LN) [35]. The beam emitted by the diode laser was split by a 
beam splitter, and two divided beams were sent to the Fizeau interfer-
ometer and wavelength meter (Anritsu MF9630A), respectively. Using 
the stabilized He–Ne laser, the wavelength meter was calibrated to a 
10− 7 accuracy. The beam guided into the Fizeau interferometer illumi-
nated the surfaces of the reference and silicon wafers through the 
collimator lens, and the interferogram was made by the reflected beams 
from the two surfaces. The accuracy of the reference surface in the 
Fizeau interferometer was approximately λ/20 (~32 nm). During the 
modulation of the wavelength of the source laser, the interferogram was 
acquired using a charge-coupled device (CCD) camera with a resolution 
640 × 480 pixels. The dynamic range and pixel size of the CCD camera 

Fig. 3. Flow chart of harmonic phase-iterative technique. The selected pixels 
are used in steps 2 to 4 depicted by blue outline and the entire pixels of the 
interferogram are used in step 5 depicted by green outline. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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used in the experiment are 8-bit and 25 μm, respectively. 
Figs. 5 and 6 show the experimental photograph of a four-inch silicon 

wafer on the mechanical stage of the Fizeau interferometer and the 
interferogram at 632.9 nm, respectively. 

4.2. Assessment of silicon wafer surface 

The surface of the silicon wafer was assessed using a harmonic phase- 
iterative technique and five-frame interferograms acquired using a 
wavelength-scanning Fizeau interferometer, as depicted in Fig. 4. Dur-
ing the linear modulation of the wavelength from 632.833 to 632.967 
nm, five-frame interferograms depicted in Fig. 7 were obtained. The 
precise wavelength of the source laser was measured using a wavelength 
meter. 

Fig. 4. Wavelength-scanning Fizeau interferometer.  

Fig. 5. Photo of a 4-inch silicon wafer on the mechanical stage of the Fizeau 
interferometer. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 6. Raw interferogram at 632.9 nm.  
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Considering the number of unknown parameters and interferograms, 
the selected pixel technique was set to 40 × 40 pixels with uniform 
distance on each interferogram. By using Steps 2 to 4 of the proposed 
iterative technique, the phase-modulated parameters were identified. 
Then, through Step 5 of the harmonic phase-iterative cycle, the target 
phase was determined using the final phase-modulated parameters and 
five original interferograms. Finally, an accurate silicon wafer surface 
was obtained using the unwrapping process. 

Fig. 8 shows the surface of the silicon wafer obtained using the 
harmonic phase-iterative technique and five-frame interferograms. The 
number of iterative cycles was 23, and the computational time required 
to extract the target phase was 0.264 s without the unwrapping process. 
The surface profile of a silicon wafer has a convex configuration. 

The experiments were performed four times a day for three days (12 

times in total), and the maximum amplitude of 343.552 nm shown in 
Fig. 8 is the average value of the experiments. Additionally, the 
repeatability error of the surface measurement was estimated by the 
standard deviation of the experimental results. The standard deviation 
was calculated for all pixels of the measurement results for the 12 ex-
periments. The repeatability error of the harmonic phase-iterative 
technique was 2.617 nm. This repeatability error of the surface mea-
surement was the consequence of higher-order harmonics (r ≥ 3) and 
environmental effects, such as fluctuations in laboratory temperature 
[26] and environmental vibrations [27]. The total accuracy of the sur-
face assessment was approximately 32.1 nm, which was the square root 
of sum of squares of the repeatability error of 2.617 nm and the accuracy 
of the reference surface of 32 nm. 

5. Discussion 

To demonstrate the phase-extraction ability of the harmonic phase- 
iterative analysis, the surface of the silicon wafer determined using 
the proposed iterative technique was compared to those of the con-
ventional iterative technique and phase-modulation techniques listed in 
Table 1. 

For an accurate comparison of phase-extraction abilities between 
two iterative techniques, the surface of the same silicon wafer was 
measured using an advanced iterative algorithm (AIA) [16] with the 
same five-frame interferograms to extract the target phase. Fig. 9(a) and 

Fig. 7. Five-frame interferometers with random phase-modulated parameters.  

Fig. 8. Measured surface of four-inch silicon wafer at λ = 632.9 nm. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 1 
Phase-extraction techniques for discussion on phase-extraction ability.  

Phase-extraction technique Number of 
frames 

Reference 

Harmonic phase-iterative algorithm (HPIA) 5 – 
Advanced iterative algorithm (AIA) 5 [16] 
Four-frame phase-modulation algorithm (Four- 

frame PMA) 
4 [28] 

Five-frame phase-modulation algorithm (Five- 
frame PMA) 

5 [29,30]  
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(b) show the surfaces of the silicon wafer determined using the harmonic 
phase-iterative algorithm (HPIA) and AIA, respectively. In Fig. 9(b), 
residual ripples are observed because AIA cannot compensate for the 
second-order harmonics caused by the high reflection factor of the wafer 
surface. On the other hand, ripples are hardly observed in Fig. 9(a) 
because HPIA successfully suppresses the effects of the second-order 

harmonics of the fringe intensity. For a detailed comparison, Fig. 9(c) 
and (d) represent the surface profiles of the calculated wafer surfaces at 
the 150th row and column, shown by the white dotted lines in Fig. 9(a) 
and (b), respectively. As shown in Fig. 9(c) and (d), significant fluctu-
ations occur in the surface profiles calculated using AIA because of the 
second-order harmonics. The repeatability error of AIA was 8.110 nm, 

Fig. 9. The surface of the four-in silicon wafer determined using (a) HPIA and (b) AIA; surface profiles (c) at the 150th row and (d) 150th column. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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which was much larger than that of HPIA (2.617 nm). Additionally, the 
computation time of AIA is 7.793 s without the unwrapping process, 
which is significantly longer than that of HPIA, which is 0.264 s. 

Furthermore, Fig. 10(a)–10(c) shows the wafer surfaces calculated 
using HPIA and four-frame and five-frame phase-modulation algorithms 
(PMAs), respectively. From Fig. 10(b) and (c), the residual ripples were 
observed because the four-frame and five-frame PMAs were not resistant 
to the nonlinear phase modulation. Compared with the two PMAs, HPIA 
is insensitive to the nonlinear phase modulation; hence, the effect of 
nonlinearity cannot be observed in Fig. 10(a). For an accurate com-
parison, Fig. 10(d) and (e) represents the surface profiles of the calcu-
lated wafer surfaces at the 150th row and column, respectively. From 

Fig. 10(d) and (e), the effect of the nonlinear phase modulation increases 
the fluctuation in the surface profiles calculated using the two PMAs. 
The repeatability errors of the four-frame and five-frame PMAs are 
10.068 nm and 8.784 nm, respectively, which are much larger than that 
of HPIA (2.617 nm). 

Table 2 summarizes the characteristics of the phase-extraction 
techniques listed in Table 1. Compared with AIA, the HPIA can extract 
the target phase while suppressing the effect of second-order harmonics 
and reducing the computational time. Additionally, a comparison be-
tween HPIA and two PMAs indicates that HPIA can calculate the target 
phase while being insensitive to the nonlinearity of the phase modula-
tion. Therefore, the harmonic phase-iterative technique can compensate 

Fig. 10. The surface of the four-in silicon wafer determined using (a) HPIA, (b) four-frame PMA, and (c) five-frame PMA; surface profiles (d) at the 150th row and (e) 
150th column. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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for the combined error between the second-order harmonics and 
nonlinearity of the phase modulation in the surface measurement of the 
silicon wafer, and the proposed technique is expected to contribute to 
improving the industrial inspection process of the silicon wafer. 

6. Conclusion 

A novel harmonic phase-iterative technique was developed for the 
surface assessment of silicon wafers using wavelength-scanning inter-
ferometry and five-frame interferograms. By considering the high 
reflection factor of the wafer surface and the second-order harmonics of 
the fringe intensity, the harmonic phase-iterative technique was devel-
oped to calculate the target phase, while eliminating the combined error 
between the second-order harmonics and nonlinear phase modulation. 
Moreover, the harmonic convergence condition and selected pixels are 
combined with the proposed iterative technique to suppress the diver-
gence error and improve the computational ability. Then, the surface of 
the four-inch silicon wafer was assessed using a harmonic phase- 
iterative technique and five-frame interferograms acquired using 
wavelength-scanning interferometry. The repeatability error of the 
surface measurements was 2.617 nm. The phase-extraction abilities of 
the harmonic phase-iterative technique were estimated by comparing 
residual ripples and repeatability errors to those of conventional itera-
tive and phase-modulation techniques. The comparison confirms that 
the proposed iterative technique applies to the surface measurement of a 
silicon wafer using the wavelength-scanning Fizeau interferometer as an 
industrial inspection process. 
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algorithm 
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algorithm 

Five-frame phase-modulation 
algorithm 

Surface of silicon wafer 

Resistant to the second-order 
harmonics 

A N/A A A 

Resistant to nonlinear phase- 
modulation 

A A N/A N/A 

Repeatability error 2.617 nm 8.110 nm 10.068 nm 8.784 nm  
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