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Abstract: During the thickness assessment of an optical flat with wavelength-tuning interferometry, the second-order 

harmonics generated by double reflection inside the optical flat and nonlinear wavelength tuning reduce the accuracy of 

interferometric assessment. In this study, a harmonic phase-iterative analysis was proposed for the thickness assessment 

with the elimination of the effects of double reflection and nonlinearity. The harmonic phase-iterative analysis was 

derived by combining the intensity signal, including the harmonic components, with the partial least-squares method. 

Then, the proposed iterative analysis was integrated with the harmonic convergence condition and the selected pixel 

technique to improve the computational ability of the phase-iterative analysis. For evaluation, a numerical simulation and 

experimental thickness assessment using wavelength-tuning Fizeau interferometer were performed employing a five-

frame harmonic phase-iterative analysis. The standard deviation of the experimental thickness assessment was 2.561 nm, 

which was smaller than those by other phase-detection technique. Based on the simulated and experimental results, it can 

be seen that the proposed harmonic phase-iterative analysis could determine the target phase with enhanced 

computational ability and compensation for the combined error between the second-order harmonics and the nonlinearity 

of the wavelength tuning. 

Keywords: Fizeau interferometer; Optical flat; Optical thickness variation; Phase-iterative analysis; Wavelength-tuning 

interferometry 

1. Introduction 

Optical flats have been broadly used as essential components in semiconductor production devices such as lithography 

equipment. Because optical flats with varying thicknesses play a significant role in ensuring the reliability of 

semiconductor chips, it is necessary to measure the optical thickness variation of an optical flat, which determines its 

optical and physical characteristics [1]. To obtain finer patterns of the semiconductor chips, the optical thickness variation 

of the optical flat should be evaluated with nanoscale accuracy. 

Optical assessment methods have been widely applied to the thickness assessment of optical flats because of their 

high-resolution and contactless assessments [2–4]. One of the optical methods is low-coherence interferometry, which 

achieves nanoscale accuracy in the thickness assessment of the optical flat [5,6]. However, this method is only applicable 

to the thickness measurement of optical flats with thickness of a few micrometers, because the effects of refractive-index 

dispersion inside measured sample increase as the sample thickness increases. To avoid the measurement restriction of 

low-coherence interferometry, wavelength-tuning interferometry has been used in the thickness assessment, which can 

also meet the nanoscale accuracy [7,8]. In this method, the phase of the interference fringe is shifted with a constant 

interval using wavelength-tuning method while the interference fringes are acquired, and the target phase corresponding 
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to the optical thickness variation can be calculated using phase-detection techniques [9,10]. The measurement accuracy 

relies on the performance of the phase-detection technique used for thickness assessment. 

To detect the target phase using acquired interferograms, two types of techniques have been used in phase detection: 

phase-modulated technique [8,11–15] and phase-iterative analysis [16–23]. In the phase-modulated technique, the phase-

modulated algorithm calculates the target phase using interferograms acquired with exactly the same phase intervals. 

However, phase-modulation errors commonly occur during wavelength tuning, and the phase intervals of interferograms 

contain nonlinear errors [10,11,24]. Moreover, when conducting the thickness assessment of the optical flat using 

wavelength tuning, the intensity signal includes the second-order harmonic component because of double reflection 

within the optical flat [9–11,25]. Among the phase-modulated techniques, Kim [8] proposed 13-frame phase-modulated 

algorithm that can suppress the uniform phase error caused by the nonlinearity. Chang [15] proposed a phase-modulated 

algorithm using harmonic frequency based on the total least-squares method to conduct the multi-surface measurement. 

To eliminate the effects of nonlinearity and double reflection, however, the phase-modulated technique should use 

interferograms with more than 10-frames to detect the target phase [26,27]. When acquiring more than 10-frame 

interferograms by wavelength tuning, however, the interferograms contain environmental effects, such as floor vibration 

[28] and temperature variation [29], which decrease the measurement accuracy of the phase-modulated technique. For 

these reasons, four-frame [30] and five-frame [31,32] phase-modulated algorithms have been used in techniques for 

industrial inspection, but these algorithms are susceptible to nonlinear phase-modulation errors. 

In contrast, phase-iterative analysis combined with wavelength-tuning interferometry can resolve the limitations of 

phase-modulated techniques [16–23]. In this analysis, the target phase was calculated using four-frame [16] or five-frame 

[21] interferograms. The nonlinearity of wavelength tuning, which is a significant error source in the phase-modulated 

technique, cannot affect the accuracy of the thickness assessment; this is because the phase-iterative analysis determines 

the target phase using interferograms modulated with arbitrary phase intervals [16]. Furthermore, the first-order 

nonlinearity results in a uniform phase error that causes considerable systematic errors in the thickness assessment; 

however, the results of the thickness assessment using the phase-iterative analysis are insensitive to this error. [8,33]. 

Among the phase-iterative analyses, to compensate for the effects of double reflection, Xu [18] first derived the phase-

iterative analysis considering the harmonic components, but ripples were observed in the experimental results using 

seven-frame interferograms. Sun [22] proposed a phase-iterative analysis considering the three-surface interferometry; 

however, this analysis used 19-frame interferograms for interferometric measurements. Zhang [23] proposed a three-

frame phase-iterative analysis based on difference map normalization; however, the effect of double reflection was not 

considered. 

In this study, a harmonic phase-iterative analysis was developed to conduct the thickness assessment of the optical flat 

using five-frame interferograms. The harmonic phase-iterative analysis was derived using the partial least-squares 

method and the intensity signal containing the harmonic components. Then, by combining the proposed iterative analysis 

with the harmonic convergence condition and the selected pixel technique, the harmonic phase-iterative analysis could 

avoid divergence errors and improve its computational ability. To verify the performance of the harmonic phase-iterative 

analysis, a numerical simulation was carried out, and the simulated results were compared to those calculated by 

conventional phase-iterative analyses and phase-modulated techniques. In addition, the thickness of the optical flat was 

assessed using wavelength-tuning Fizeau interferometer and a five-frame harmonic phase-iterative analysis. The 

experimental results were compared with those obtained using conventional phase-detection techniques with respect to 

the standard deviation and the residual ripples of the two-dimensional thickness distribution. 
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2. Intensity signal of two-surface interferometry 

To conduct the thickness assessment of an optical flat, a two-surface laser interferometer composed of the front and 

rear surfaces of an optical flat, was considered, as shown in Fig. 1. In this figure., nT is the optical thickness and  is the 

reflection coefficient of the optical flat surfaces. 

 

Fig. 1. Two-surface laser interferometer for thickness profiling of optical flat. 

When the wavelength of the laser interferometer is modulated by the wavelength-tuning method, harmonic 

components of the interference signal occur owing to the double reflection between the front and rear surfaces of the 

optical flat. The intensity signal of the two-surface interferometer is expressed as follow [11,14]: 

 0

1

cos .
R

gh gh ghi gi hi

i

I S S  


                                                                  (1) 

In this equation., Sgh0 is the DC component and Sghi, gi, andhi are the amplitude, phase-modulated variable, and phase 

of the i-th harmonics, respectively. In Eq. (1), the subscript g denotes the g-th phase-modulated interferogram (g = 1, 2, 

…, M), h denotes pixel location in accordance with the pixel coordinates (h = 1, 2, …, L), and i denotes the order of the 

harmonics of the signal (i = 1, 2, …, R). M is the total number of phase-modulated interferograms, L is the total number 

of pixels in the interferogram, and R is the highest order of the harmonics of the signal. For instance, 35 (g = 3 and i = 5) 

represents the phase-modulated variable of the fifth harmonics of the third phase-modulated interferogram, and 46 (h = 4 

and i = 6) represents the phase of the sixth harmonics of the fourth pixel on the interferogram. 

While acquiring the interferograms of the optical flat, the phase-modulated variable should be changed with a constant 

interval using the wavelength-tuning method. However, the phase-modulated variable always includes nonlinearity, 

owing to the nonlinear responses of the piezoelectric transducer (PZT) in laser diode. Thus, when the thickness 

assessment of the optical flat is conducted, the measurement results suffer from correlated errors between the nonlinearity 

of phase modulation and the second-order harmonics caused by double reflection. For an accurate thickness assessment 

of the optical flat, the target phase h1 should be determined by a phase-detection technique while simultaneously 

eliminating the nonlinearity and second-order harmonics [25]. 

3. Harmonic phase-iterative analysis 

3.1 Partial least-squares method of phase-iterative analysis 

To detect the target phase in the intensity signal, the phase-iterative analysis was combined with the wavelength-tuning 

interferometry. As the target phase is determined using arbitrary phase-modulated interferograms, the results of the 

thickness assessment are not affected by nonlinear phase modulation [16–23]. In this study, a new phase-iterative 

Laser irradiation

nT

Optical flat
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analysis that can simultaneously eliminate the effects of nonlinearity and double reflection was derived by using the 

intensity signal, including the harmonics of the signal. 

In Eq. (1), it is certain that the intensity signal consists of ML + MLR + MR + LR unknowns, corresponding to Sgh0, Sghi, 

gi, and hi, respectively, and ML usable equations. As the number of unknowns exceeds the number of usable equations 

in the intensity signal, the target phase should be determined using the partial least-squares method [16]. 

By applying the assumption that DC component and amplitude of the i-th harmonics have only pixel-to-pixel 

variations, the intensity signal in Eq. (1) can be expressed as follows: 

     0 0

1 1 1

cos cos cos sin ,
R R R

gh gh ghi gi hi h hi gi hi h hi gi hi gi

i i i

I S S S S X Y Z     
  

                       (2) 

where the coefficients Xh, Yhi, and Zhi correspond to Sh0, Shicoshi, and −Shisinhi, respectively. When the phase-modulated 

variable gi is a given value, the number of unknowns decreases to L + 2LR. Because the number of usable equations in 

Eq. (2) is ML, the unknowns can be identified if M  1 + 2R. According to this condition, five-frame interferograms (M = 

5) should be required in order to detect the target phase while suppressing the second-order harmonics (R = 2). To 

identify Xh, Yhi, and Zhi, the partial least-squares error regarding the phase-modulated variable is defined as: 

   
2

2

1 1 1

cos sin ,
M M R

e e

h gh gh h hi gi hi gi gh

g g i

E I I X Y Z I 
  

 
      

 
                                      (3) 

where Ie
gh is the intensity signal of the experimental interferogram. Using the partial least-squares method, the 

coefficients Xq, Yqr, and Zqr can be identified by minimizing the least-squares error: 

0.h h h

h hi hi

E E E

X Y Z

  
  

  
                                                                      (4) 

Eq. (4) can be expressed as 
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                                (8) 

By solving Eq. (5), Yhi and Zhi can be identified and the phase of the i-th harmonics is determined as follows: 

1tan .hi

hi

hi

Z

Y
   

  
 

                                                                         (9) 

While performing the phase-iterative analysis, the calculated phase is used to change the given value to determine the 

phase-modulated variable. 

To determine the phase-modulated variable, the phase-iterative analysis uses the assumption that the DC component 

and amplitude of the i-th harmonics have only frame-to-frame variations, and the intensity signal can be expressed as 

     0 0

1 1 1

cos cos cos sin ,
R R R

gh gh ghi gi hi g gi gi hi g gi gi gi gi

i i i

I S S S S X Y Z     
  

                        (10) 

where the coefficients Xg, Ygi, and Zgi correspond to Sg0, Sgicosgi, and −Sgisingi, respectively. With a known phase hi, 

the number of unknowns decreases to M + 2MR. The unknowns can be identified if L  1 + 2R because the number of 

usable equations in Eq. (10) is ML. To identify Xg, Ygi, and Zgi, the partial least-squares error regarding the pixels of the 

interferogram is defined and expressed as 
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                                   (11) 

The coefficients Xg, Ygi, and Zgi are identified using the partial least-squares method by minimizing the least-squares 

error as follows: 

' ' '
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Eq. (12) can be given to 
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Through Eq. (13), Ygi and Zgi can be identified. Then, the phase-modulated variable of the i-th harmonics is determined 

as follows: 

1
'

tan .
'
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Z
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                                                                      (17) 

During the phase-iterative analysis, a phase-modulated variable is used to change the given value to determine the phase 

of the harmonics. 

3.2 Performance improvement of phase-iterative analysis 

As double reflection occurs inside the optical flat during the wavelength-tuning method, the phase-modulated variable 

and phase of the i-th harmonics are proportional to those of the fundamental signal (gi = ig1 andhi = ih1). Thus, the 

phase-iterative analysis cannot determine the phase-modulated variable and phase due to the divergence error of the 

partial least-squares method in Eqs. (6) and (14). To prevent divergence errors, the harmonic convergence condition, 

defined in Eq. (18), is combined with the proposed phase-iterative analysis.  

   1 1

1 1max ,p p p p

gi i gi i         
 

                                                        (18) 

where p is the number of iterative cycles and  is the predetermined threshold of the condition (e.g., 10−5 rad). By 

applying Eq. (18) to the phase-iterative analysis, the target phase h1 of the intensity signal can be determined without 

divergence error when the phase-modulated variables of each harmonic component satisfy the harmonic convergence 

condition. For instance, when the intensity signal contains the second-order harmonics (R = 2), five-frame interferograms 

are needed to identify unknowns using the partial least-squares method (M = 5). To calculate the phase and phase-

modulated variable while preventing the divergence error, both g1 and g2 (g = 1, 2, …, 5) should satisfy the harmonic 

convergence condition. 

However, the application of the harmonic convergence condition increases the computational time because all the 

pixels of each phase-modulated interferogram should be used in the phase-iterative analysis. For efficient computation, 

the image downsampling has been widely used to compress the dimensionality of the interferogram. However, this 

technique combines the characteristic of adjacent pixels on the interferogram, and pixels on the downsampled 

interferogram do not contain frame-to-frame and pixel-to-pixel variations of the original interferograms. To improve the 

computational ability of the phase-iterative analysis with the maintenance of both variations, the selected pixel technique 

is proposed. The selected pixels are distributed on each interferogram at a constant distance. Fig. 2 depicts an example of 

the selected pixel technique. Because the intensity signal of the original interferogram contains nonuniformity [20,23], 

the DC component and amplitude of the i-th harmonics on the selected pixel have pixel-to-pixel and frame-to-frame 

variations. Based on the frame-to-frame variations and the partial least-squares method, the number of selected pixels Ls 

should be larger than or equal to 1 + 2R to determine the phase-modulated variable. The properties of the selected pixels 

are determined by considering the number of unknowns before calculating the phase-modulated variable and phase. By 
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combining the proposed phase-iterative analysis with the harmonic convergence condition and the selected pixel 

technique, the target phase of the intensity signal can be calculated while suppressing the divergence error and improving 

the computational ability. 

 

Fig. 2. (a) Arbitrary phase-modulated interferogram of optical flat and (b) example of selected pixels on the interferogram with a constant distance. 

3.3 Phase-detection process using harmonic phase-iterative analysis 

The phase-detection process of the harmonic phase-iterative analysis comprises five steps. During the harmonic phase-

iterative analysis, the phase-modulated variable gi and the target phase h1 are calculated using the partial least-squares 

method, and the results of the cycle are evaluated with respect to the harmonic convergence condition defined in Eq. (18). 

The flowchart depicted in Fig. 3 shows the phase-detection process of the proposed iterative analysis, and each step of 

this analysis is expressed as follows: 

 Step 1. The properties of the selected pixels are determined in terms of the number of unknowns in the signal 

intensity of the phase-modulated interferograms. 

 Step 2. Through the pixel-to-pixel variations and the intensity signal of the selected pixels, the phase of the i-th 

harmonics hi
p at the selected pixels is determined from Eq. (9) using gi

p – 1 acquired in the prior cycle. To conduct 

the first cycle, the phase-modulated variable of the fundamental signal g1
0 is set to an arbitrary value between 0 

and 2, and that of the i-th harmonics gi
0 acquired is expressed as ig1

0. 

 Step 3. Through the frame-to-frame variations and intensity signal of the selected pixels, the phase-modulated 

variable of the i-th harmonics gi
p at the selected pixels is determined from Eq. (17) using the phase hi

p obtained in 

Step 2. 

 Step 4. To demonstrate the results of the iterative cycle, the phase-modulated variable acquired in Step 3 is 

evaluated using the harmonic convergence condition in Eq. (18). If the calculated phase-modulated variable gi
p 

satisfies the convergence condition, gi
p (g = 1, 2, …, M, and i = 1, 2, …, R) is the final value. Otherwise, Steps 2 

and 3 must be repeated until the calculated variablegi
p satisfies the harmonic convergence condition.  

 Step 5. Through the pixel-to-pixel variations and intensity signal of all pixels in the original interferograms, the 

target phase h1 at all pixels of the interferogram is determined from Eq. (9), using the final phase-modulated 

variable gi
p. Subsequently, the optical thickness variation of the optical flat is calculated using an unwrapping 

process. 

(a)

: Selected pixel

(b)
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Fig. 3. Flowchart of the harmonic phase-iterative analysis. The intensity signal of the selected pixels is applied to Steps 2–4 (depicted by blue outlines) 

and that of all pixels on the original interferograms is applied to Step 5 (depicted by a black outline). 

4. Numerical simulation 

To evaluate the proposed harmonic phase-iterative analysis, a numerical simulation was conducted, and the simulated 

results were compared to those of conventional phase-iterative analyses and phase-modulated techniques listed in Table 1. 

The simulations were implemented in MATLAB and performed on system with an Intel(R) Core (TM) i7-7700 CPU and 

16 GB RAM. 

Table 1 Phase-detection techniques for evaluating the performance of the phase-detection ability. 

Phase-detection technique Number of frames (M) Reference 

Harmonic phase-iterative algorithm (HPIA) 5 - 

Advanced iterative algorithm (AIA) 5 [16] 

Xu’s phase-iterative algorithm (Xu’s PIA) 5 [18] 

Four-frame phase-modulated algorithm (Four-frame PMA) 4 [30] 

Five-frame phase-modulated algorithm (Five-frame PMA) 5 [31,32] 

In this simulation, the intensity signal of the simulated interferogram contains the fundamental signal and second-order 

harmonics. The amplitude of the second-order harmonics was determined using the reflection coefficient of the optical 

flat ( = 0.04) [34]. The size of the interferogram was set to 300  300 pixels. The target phase was generated using a 

linear combination of a Zernike polynomial [35], up to 14th-order terms of the Zernike polynomial. The amplitude of the 

Zernike polynomial took random values between −10 and 10. In addition, the DC component and amplitude of the i-th 

Step 1. Determine the properties of

selected pixels

Step 2. Determine hi
p using gi

p – 1

and pixel-to-pixel variations

Step 3. Determine gi
p using hi

p

and frame-to-frame variations     

Step 4. Check

(Eq.(18))

   1 1

1 1
max

p p p p

gi i gi i
         

 

Step 5. Detect target phase using gi
p

and pixel-to-pixel variations

YES

NO
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harmonics in the intensity signal of the simulated interferograms were set as follows: 

 2 2

0 0 exp 0.02 ,gh gS N x y   
                                                              (19) 

 2 2exp 0.02 ,ghi gS N x y   
                                                               (20) 

where x and y indicate pixel-to-pixel variations (−1   x   1, −1   y   1), and Ng0 and Ng indicate frame-to-frame 

variations, which are arbitrary values between 0.9 and 1. To consider phase-modulation errors, the phase-modulated 

variable used in the simulation is defined as 

0

1 0 1 0 1
1 ,

π

gi

g g


   

  
    

   
                                                             (21) 

where 0 and 1 are the error coefficients of the linear and nonlinear phase-modulation errors, respectively, and 0g1 is 

the ideal phase-modulated variable. The error coefficients are adjusted as follows: 0 = 0.05 and 1 = 0.03. Then, 0g1 is 

adjusted as follows: 0g1 = [0 1 2 3 4] for three phase-iterative analyses and 0g1 = (g – 1)/4 for two phase-modulated 

techniques (g = 1, 2, …, M). Furthermore, white Gaussian noise with a mean of zero is added to each simulated 

interferogram. Fig. 4 depicts the simulated reference phase of the interferogram generated by the Zernike polynomial. 

 

Fig. 4. Simulated reference phase and interferogram generated using up to 14th-order terms of the Zernike polynomial. (a) Target phase and (b) 

interferogram, where the amplitude is the normalized value. 

To detect the target phase, the harmonic phase-iterative algorithm (HPIA), advanced phase-iterative algorithm (AIA) 

[16], and Xu’s phase-iterative algorithm (Xu’s PIA) [18] use the same phase-modulated parameter of the fundamental 

signal for the first iterative cycle, which is the random values between 0 and 2. Moreover, the predetermined threshold 

of the condition was 10−5 rad. In the simulation of the HPIA, the selected pixel technique is adjusted to 40  40 pixels 

with a constant distance. The two phase-modulated algorithms (PMAs) use four- [30] and five-frame [31,32] simulated 

interferograms. 

Fig. 5 shows the target phases calculated using HPIA, AIA, Xu’s PIA, four-frame PMA, and five-frame PMA. All the 

configurations of the calculated phase in Fig. 5 are similar to that of the reference phase in Fig. 4(a). Table 2 represents 

the RMS phase errors of the simulation results. In Table 2, the propose HPIA exhibits superior phase-detection ability in 

terms of the smallest RMS phase errors among the phase-detection techniques listed in Table 1. Moreover, the 

computational times of the phase-iterative algorithms were 0.750 s, 3.184 s, and 8.312 s for HPIA, AIA, and Xu’s PIA, 

16.992 rad

0

1

0
(a) (b)
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respectively. The simulation results demonstrate that the proposed HPIA can determine the target phase with enhanced 

computational ability and the suppression of the combined error between the second-order harmonics and phase-

modulation errors (0 and 1). 

 

Fig. 5. Simulation results of target phase. (a), (b), (c), (d), and (e) are the calculated target phase using HPIA, AIA, Xu’s PIA, four-frame PMA, and 

five-frame PMA, respectively. 

Table 2 RMS phase errors of phase-detection techniques in numerical simulations. 

Phase-detection technique RMS phase error (rad) 

HPIA 0.108 

AIA 0.164 

Xu’s PIA 0.159 

Four-frame PMA 0.288 

Five-frame PMA 0.208 

5. Thickness assessment experiment 

5.1 Experimental setup 

The thickness of an optical flat of geometric thickness 8 mm and diameter 100 mm was assessed using wavelength-

tuning Fizeau interferometer and the proposed harmonic phase-iterative analysis. Fig. 6 depicts the experimental setup of 

the Fizeau interferometer, which uses a Littman type diode laser (New Port TLB-6300-LN) [36]. The temperature of the 

laboratory was maintained at 20.6 °C during the experiments. 

The diode laser emitted a phase-modulated beam that was split in two directions by a beam splitter; one was sent to the 

Fizeau interferometer and the other was sent to a wavelength meter (Anritsu, MF9630A). The wavelength meter was 

calibrated to an uncertainty of 10−7. The beam incident on the interferometer illuminated the front and rear surfaces of the 

16.914 rad

0
(d)

17.061 rad

0
(e)

(a)

17.015 rad

0

17.120 rad

0
(b)

17.039 rad

0
(c)
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optical flat through a collimator lens. Then, the reflection beams from the two surfaces of the optical flat returned along 

the same optical path and generated an interferogram. During the experiments, the interferograms were acquired using a 

charge-coupled device (CCD) camera with a resolution of 640  480 pixels. The dynamic range and pixel size of the 

CCD camera were 8-bit and 25 m, respectively. Figs. 7 and 8 show an experimental photograph of an optical flat on the 

mechanical stage and an interferogram of the optical flat at  = 632.9 nm, respectively. 

 

Fig. 6. Experimental setup of wavelength-tuning Fizeau interferometer for thickness assessment of optical flat. 

 

Fig. 7. Photograph of an optical flat on the mechanical stage of the Fizeau interferometer. 
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Fig. 8. Interferogram of optical flat at  = 632.9 nm. 

5.2 Thickness assessment of optical flat 

The thickness assessment of the optical flat was conducted using the proposed harmonic phase-iterative analysis and 

five-frame interferograms obtained using wavelength-tuning Fizeau interferometer. By changing the wavelength of the 

diode laser from 632.857 nm to 632.943 nm using the wavelength-tuning method, the five-frame interferograms depicted 

in Fig. 9 were obtained, and the wavelength was measured using the wavelength meter as shown in Fig. 6.  

 

Fig. 9. Five-frame interferograms of the optical flat obtained by wavelength-tuning Fizeau interferometer. 
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To assess the thickness of the optical flat using the proposed harmonic phase-iterative analysis, the array of the 

selected pixels was adjusted to 40  40 pixels at a constant distance by considering the number of unknowns in the 

intensity signal. Through Steps 2–4 of the proposed iterative analysis, the final phase-modulated variables were 

calculated. Then, through Step 5, the target phase is calculated using the final phase-modulated variables and five-frame 

experimental interferograms as depicted in Fig. 9. An accurate optical thickness variation is obtained using an 

unwrapping process. Furthermore, the tilt components in the experimental result are removed by using the software. 

Fig. 10 shows the optical thickness variation of the optical flat obtained by the five-frame interferograms and harmonic 

phase-iterative analysis. The computation time (Steps 2–5) without the unwrapping process was 0.364 s. The measured 

optical thickness variation exhibited a concave shape, where it decreased toward the bottom-right. 

The experiments were performed six times over six days with a three-days interval between each experiment to 

eliminate other systematic errors. The amplitude of the measured optical thickness variation shown in Fig. 10 is the 

average value of the six experiments. The standard deviation of the thickness assessment for the six experiments was 

2.561 nm, which resulted from the higher harmonics of the intensity signal for i  3 and residual environmental effects. 

 

Fig. 10. Measured optical thickness variation calculated by five-frame harmonic phase-iterative analysis. 

6. Discussion 

To verify the experimental results obtained by the harmonic phase-iterative analysis, the results were compared with 

those calculated by the other phase-iterative analyses and phase-modulated techniques listed in Table 1. To assess the 

thickness of the optical flat, AIA and Xu’s PIA used five-frame experimental interferograms, and the two PMAs used 

four- and five-frame experimental interferograms, respectively. 

Figs. 11(a)–(c) depict the optical thickness variation determined using HPIA, AIA, and Xu’s PIA, respectively. For 

accurate comparison, Figs. 11(d) and (e) show the thickness profiles of the optical thickness variation at the 225th 

column and row marked by white dotted lines in Figs. 11(a)–(c). As shown in these figures., the thickness profile of the 

HPIA has tiny fluctuations compared to those of AIA and Xu’s PIA owing to suppression of the effects of the second-

order harmonics and enhanced computational ability. Because of the considerable fluctuations of the thickness profiles, 

the standard deviations of the AIA and Xu’s PIA are 15.571 nm and 14.362 nm, respectively. Moreover, the 

computational time of the thickness assessment without the unwrapping process are 17.961 s and 31.702 s for AIA and 

Xu’s PIA, respectively, which are much longer than that of HPIA (0.364 s). 

Figs. 12(a)–(c) depict the optical thickness variation determined by HPIA, Four-frame PMA, and Five-frame PMA, 
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respectively. For the detailed comparison, Figs. 12(d) and (e) show the thickness profiles of the optical thickness 

variation at the 225th column and row marked by white dotted lines in Figs. 12(a)–(c). Based on these profiles, it can be 

said that the thickness profiles of the two PMAs contain large fluctuations compared to that of the HPIA, because the two 

PMAs are vulnerable to the combined error between the second-order harmonics and phase-modulation errors. Owing to 

the fluctuations, the standard deviations of the four- and five-frame PMAs are 18.421 nm and 16.523 nm, respectively, 

which are larger than that of HPIA (2.561 nm). 

Table 3 summarizes the properties of the phase-detection techniques discussed in Section 6. A comparison with other 

PIAs demonstrates that the proposed HPIA can determine the target phase with suppression of the second-order 

harmonics and superior computational ability. Furthermore, compared with PMAs, the HPIA can calculate the target 

phase while eliminating the combined error between the second-order harmonics and phase-modulation errors. 

 

(b) Thickness by AIA (c) Thickness by Xu’s PIA(a) Thickness by HPIA

(d) Thickness profile between V-i and V-ii (225th column)

(e) Thickness profile between H-i and H-ii (225th row)
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Fig. 11. Optical thickness variation of optical flat determined by (a) HPIA, (b) AIA, and (c) Xu’s PIA; thickness profile (d) at the 225th column and 

(e) at the 225th row. 

 

Fig. 12. Optical thickness variation of optical flat determined by (a) HPIA, (b) four-frame PMA, and (c) five-frame PMA; thickness profile (d) at the 

225th column and (e) at the 225th row. 

 

 

 

 

 

 

 

 

(b) Thickness by Four-frame PMA (c) Thickness by Five-frame PMA(a) Thickness by HPIA

(d) Thickness profile between V-i and V-ii (225th column)

(e) Thickness profile between H-i and H-ii (225th row)
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Table 3 Summary of properties of phase-detection techniques listed in Table 1. 

Phase-detection 

technique 

Phase-iterative analysis Phase-modulated technique 

HPIA AIA Xu’s PIA Four-frame PMA Five-frame PMA 

Optical thickness 

variation 

     

Compensation for the 

second-order harmonics 
A N/A A A A 

Compensation for phase-

modulation error 
A A A N/A N/A 

Standard deviation 2.561 nm 15.571 nm 14.362 nm 18.421 nm 16.523 nm 

7. Conclusion 

A new harmonic phase-iterative analysis was developed for the thickness assessment of an optical flat using 

wavelength-tuning interferometry and five-frame interferograms. Considering the double reflection occurring inside the 

optical flat, the harmonic phase-iterative analysis was derived using the intensity signal including the second-order 

harmonics and partial least-squares method. In addition, to improve the performance of the harmonic phase-iterative 

analysis, the harmonic convergence condition and the selected pixel technique were incorporated into the proposed 

iterative analysis. To verify the harmonic phase-iterative analysis, a numerical simulation and thickness assessment of the 

optical flat using a wavelength-tuning Fizeau interferometer were conducted. Based on the simulated results, the 

proposed harmonic phase-iterative analysis showed better phase-detection ability compared to conventional phase-

iterative analyses and phase-modulated techniques in terms of small RMS phase errors. In addition, the experimental 

result determined by the five-frame HPIA showed tiny fluctuations and a standard deviation in the thickness assessment 

(2.561 nm) compared to other phase-detection techniques. Therefore, the new harmonic phase-iterative analysis 

simultaneously compensates for the effects of the second-order harmonics and nonlinear phase-modulation errors during 

the thickness assessment of the optical flat using the wavelength-tuning interferometry. The harmonic phase-iterative 

analysis is expected to improve technique for the inspection of optical flats in the semiconductor industry. 
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