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I. INTRODUCTION

The use of polarized light as a probe for nondestructive 

measurement in phase-shifting interferometry, to investigate 

the properties of optical samples, is attracting considerable 

attention [1-4]. The phase shifting of the polarized light 

typically employs rotating polarized light (RPL), because it 

offers certain advantages over conventional polarized light, 

in terms of polarization controllability and measurement 

speed [5]. The RPL can theoretically be generated by 

combining two orthogonal circularly polarized beams, with 

their phase difference controlled by a transducer. This 

combination can be achieved by utilizing an interferometric 

configuration, whereby two optical beams interfere with 

each other to form an output beam [6, 7]. Normally the 

transducer for phase modulation is a piezoelectric transducer 

(PZT), whose operation is driven by a periodic signal. 

This can be considered a dynamic phase-shifting scheme. 

Numerous phase-shifting interferometric arrangements, such 

as the Michelson and Mach-Zehnder configurations, were 

proposed for generating RPL [5, 8-10]. Although the RPL 

outputs from such configurations are satisfactory, the optical 

hardware configurations used in the abovementioned studies 

are very different. Even so, each scheme involves a large 
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number of components and has complex setup procedures. 

With this background, a recent work proposed an 

alternative scheme for phase-shifting interferometry based 

on a configuration known as the cyclic-path interferometer 

[11-13]. In this scheme, the generation method is robust to 

external environments and vibrational disturbances [14]. 

The present study investigates the potential of the RPL 

generated by our modified Sagnac interferometer (so called 

“mSI”) as a probe for nondestructive thickness measurements 

of Ta2O5 thin films deposited on a BK7 substrate. The 

phase retardation resulting from the presence of the 

thin-film sample in the optical path of our system can be 

extracted directly from the unbalanced RPL output beam, 

using a simple signal algorithm. We also demonstrate that 

our proposed mSI has an edge over previously utilized 

interferometric systems [15-20], because of its compact 

arrangement and simple method for thickness determination. 

Thus far the control of phase shifting in a polarization 

phase shifter has mainly involved the manual rotation of 

wave retarders, which is a fairly complicated procedure 

[13, 21]. Hence, we apply herein an alternative “automatic” 

scheme for phase-shifting interferometry using a PZT. The 

use of polarization phase shifting (obviating the need to 

rotate the polarizer), which has never been done in previous 

interferometric systems, is significant. We use the intercept 

points of the output intensities of three recorded and 

analyzed sample signals with respect to the initial 

self-reference signal. In the final stage of this study, we 

compare the experimental results to the corresponding 

measured values obtained using commercial equipment, to 

evaluate the mSI’s performance.

II. METHODS

2.1. Operation of the mSI System Without a Sample

Figure 1 shows the schematic of the mSI system. A 

light source (LS) emits a beam of linearly polarized light, 

with a polarization that can be tuned by a half-wave plate 

(HW) oriented at 22.5° with respect to the axis of the 

polarizing beam splitter (PBS). Hence, the Jones vector Ei 

representing the electric field of the linearly polarized light 

beam exiting the HW is given as follows:

i

11

2 1
E =

⎡ ⎤
⎢ ⎥
⎣ ⎦

 (1)

The PBS splits the polarized light into two orthogonal 

linearly polarized beams traveling in perpendicular directions 

(i.e. transmitted and reflected light beams). On the one 

hand, the transmitted light beam with electric field iT
E  

traveling along path 1 (PBS→M1→WP→PZT(M2)→PBS→

QW) is linearly parallel to the plane of the interferometer, 

when no sample is inserted. On the other hand, the reflected 

light beam with electric field iR
E  propagating along path 2 

(PBS→PZT(M2)→WP→M1→PBS→QW) is linearly perpen-

dicular to the plane of the interferometer. The vibrating 

mirror is driven by the PZT, and the phase introduced by 

the mirror changes with time. Basically, both light beams 

in the common path experience an equal “vibration” with 

balanced phase. A general wave plate (WP) is positioned 

between mirrors M1 and M2 and affixed to a PZT 

(PZT(M2)), to generate a phase shift via its fast and slow 

axes. The WP creates unbalanced phase, that is, a relative 

phase change between the orthogonal polarization components 

of the light traveling through the system. Therefore, the 

Jones vector representing the light signals iT
E  and iR

E  can 

be written as follows:

f
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where TPBST and TPBSR represent the Jones matrices of the 

linear PBS, following a previous study [5]. The phases of 

the light beams δ after the deflection of mirrors from M1 

and PZT(M2) are M1
δ  and M2

δ ( )t , respectively. M2
δ ( )t  

represents the time-dependent phase shift. The Jones 

notations for each mirror are given as follows:

1 0

0 exp( δ)
M

i

⎡ ⎤
= ⎢ ⎥
⎣ ⎦

 (4)

The Jones matrix W of a linear birefringent WP, described 

in terms of a Jones matrix in which δf and δs are phase 

FIG. 1. Schematic of the modified Sagnac interferometer 

(mSI).
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retardances introduced by the fast and slow eigenmodes, can 

be expressed as [22]:

f

s

exp( δ ) 0

0 exp( δ )

i
W

i

⎡ ⎤
= ⎢ ⎥
⎣ ⎦

 (5)

Q denotes the Jones matrix for the output quarter-wave 

plate (QW), oriented with optical axes at -45° with respect 

to the transmission axis of the PBS, can be expressed as:

11
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These two beams then recombine at the PBS, and are 

subsequently transformed into two circularly polarized light 

beams by QW. The resulting beam becomes a rotating 

polarized light beam, called the RPL. Therefore, the Jones 

vector representing the electric field of the output light 

exiting QW can be expressed as follows:
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where t M2 s M1 f
δ ( ) δ ( ) .t t= + δ + δ −δ  The time-varying phase 

suggests that the RPL’s orientation depends on the mirror’s 

vibration. Subsequently the output light after QW enters 

the linear polarizer (P) and the photodetector (D1). The 

rotation of the linearly polarized output beam with respect to 

a static linear polarizer automatically allows the orientation 

of the beam, caused by the initial phase from the apparatus, 

to be offset. This action is marked by a time called the 

offset time, which indicates a new starting time for a 

subsequently introduced phase shift. Therefore, any phase 

shift introduced later by a thin-film sample is measured 

relative to the offset time.

2.2. Operational Procedure for the mSI System with an 

Inserted Sample
In this study, we utilized the initial interference RPL 

generated by the mSI as a measuring tool to determine the 

phase shift introduced by an inserted thin-film sample. The 

sample was positioned between M1 and PZT(M2), as shown 

in Fig. 1. The two beams travel along path 1 corresponding 

to iT,Sample
E  (PBS→M1→WP→Sample→PZT(M2)→PBS→QW) 

and path 2 corresponding to iR,Sample
E  (PBS→PZT(M2)→

Sample→WP→M1→PBS→QW). The Jones matrix S of the 

homogenous sample is expressed as follows [5]:

a

b
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0 exp( Δ)
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where Ta and Tb represent the transmission coefficients 

along the principal axes of the transparent sample, and Δ is 

the phase retardation introduced by the sample. The Jones 

vector representing the summation of the electric fields of 

the transmitted and reflected light beams traveling through 

the PBS can be expressed as follows:

iT,Sample iR,Sample
E E+

b s M2 M1a f

b s M2 M1a f

exp[ ( δ δ ( ) δ )]exp( δ )1
2 exp[ ( δ δ ( ) δ )]exp( δ )
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(9)

Furthermore, the Jones vector 
θ

out,polarizerE  of the output 

beam emerging from the mSI setup and passing through 

the polarizer can be rewritten as:

iT,Sample iR,Sample

θ

out,polarizer P(θ)E E E= +⎡ ⎤
⎣ ⎦  (10)

where P(θ), representing the Jones matrix of the linear 

polarizer (P), can be expressed as 

2

2

cos θ cosθsinθ

cosθsinθ sin θ

⎡ ⎤
⎢ ⎥
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[3]. The transmission axis of P is aligned at an angle θ 

with respect to the reference axis. In this study, the output 

polarizer is fixed at 45° with respect to the reference axis 

throughout the investigation. Normally phase shifting can 

be accomplished by adjusting the axis orientation of the 

output polarizer and collecting the output intensities at 

desired angles. For our proposed scheme, the QW placed 

at the output arm transforms the output light to RPL. The 

orientation of the RPL is time-varying with respect to the 

transmission axis of the polarizer. This RPL is automatically 

rotated with the orientation of the polarizer’s transmission 

axis kept fixed. Here we note that the variation of required 

intensities is obtained by the phase modulation, not by 

adjusting the polarizer. Thus the time-varying orientation 

of RPL allows convenient acquisition of the output light 

intensities at 0°, 45°, and 90°. Thus, from Eq. (10) and the 

expression of 
θ θ θ

out,polarizer out,polarizer out,polarizer*I E E
∗

= , the mentioned 

intensities can be found as
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90 a ba b
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 (13)

The phase retardation Δ+δt (t), introduced by an inserted 

Ta2O5 thin-film sample, can be resolved from Eqs. (11) to 

(13) as



Polarization Phase-shifting Technique for the Determination of … - Rapeepan Kaewon et al. 477
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As mentioned in Section 2.1, the offset time is already 

identified and designates a new initial time for any phase 

retardation due to further perturbation. In this case, the 

self-reference technique mentioned in Section 3 is employed 

to determine the phase shift introduced by a thin-film 

sample. Since the measurements of corresponding intensities 

are always done relative to a new starting time (offset time), 

the time-varying phase δ(t) in Eq. (14) can be canceled out. 

Finally, the phase-shift introduced by a thin-film sample 

can be expressed as:

0 90

out,polarizer out,polarizer

45 90 0

out,polarizer out,polarizer out,polarizer

.

2

arctan
I I

I I I

° °

° ° °

−

−

=

−

⎡ ⎤
Δ ⎢ ⎥
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 (15)

where 
0

out,polarizerI
°

, 
45

out,polarizerI
°

, and 
90

out,polarizerI
°

 are measurable 

from the setup. Hence the phase retardation introduced by 

the optical sample can consequently be estimated by the 

method described in the next section.

2.3. Determination of the Transparent Sample’s Thickness
The transmittance T of an output light signal under 

various conditions must be carefully evaluated [23]. The 

phase retardation Δ can be expressed as 4πn1d/λ, where 1
n  

denotes the refractive index of the deposited film (2.136 

for Ta2O5), d is the film’s thickness, and λ is the light’s 

wavelength (632.8 nm). The phase retardation Δ obtained 

from Eq. (15) is in an arctan function form that periodically 

repeats every 180° (π radians). Therefore, the phase shift 

Δ can be written in terms of the order number m as Δm = 

Δ + mπ. The phase shift Δ can also be “accumulated” (or 

increased) to match the measured Δ value by adding 

integer multiples of π, represented as mπ, where m denotes 

the cumulative integer chosen as the sign changes from 

negative to positive (i.e. it specifies the number of periods 

of the arctan function of Δ). This relation must be satisfied 

prior to calculating the thickness d, to determine the exact 

order of the periodic arctan function of Δ [18]. The 

parameter dcutoff is employed to determine the appropriate 

value of the order number m when the deposition time 

td and approximate deposition rate Rd are known. In this 

study, Rd from the commercial UHV sputtering system 

(AJA International Inc., ATC 2000-F) used is 15 nm/min. 

The cutoff thickness dcutoff, at the point at which the 

second cycle begins (ΔS = π), can be expressed as 
1

λ 4n . 

Accordingly, the appropriate value of m can be determined 

using tdRd/dcutoff. For Ta2O5 with a refractive index of 

2.136, and a red laser having a wavelength of 632.8 nm, 

dcutoff is found to be 70 nm. According to this information, 

the values of m at 10, 15, and 20 min with rate Rd = 15 

nm/min are 2, 4, and 6 respectively. Eventually the thin-film 

thickness d1 can be determined with an appropriate value 

of m as:

m

1

λ

4π
d

n

Δ
=  (16)

III. SIGNAL PROCESSING ALGORITHM TO 

EVALUATE PHASE RETARDATION

A signal algorithm to evaluate the phase shift was 

employed to track the three output intensities mentioned in 

Eq. (15). A digital oscilloscope (Yokogawa, model DL1620) 

was used to acquire the desired data, with optimized 

amplitude and frequency settings of a modulating sinusoidal 

trigger signal set at 1.8 V and 48 Hz respectively. Our 

proposed setup did not have a reference arm; hence, the 

outer trigger function from the oscilloscope was required to 

get an output waveform for the self-reference signal prior 

to sample insertion. The standard statistical cross correlation 

was checked, with the positions corresponding to the first to 

third calibrations (of the self-reference signal) corresponding 

to the three intensities before sample insertion. Figure 2 

shows the signal intensities obtained with and without the 

sample. In both cases, the linear polarizer before the 

recording plane was not rotated. The amplitude and phase 

information were fixed in the cyclic path without the 

sample, because the polarizer was oriented at 45° with 

respect to the PBS axis. A WP was set as a quarter-wave 

plate to introduce the prior phase shift. Afterward, upon 

inserting a sample into the interferometer stage between 

M1 and PZT(M2), the output light intensity was normally 

perturbed in terms of its amplitude and phase. This intensity 

perturbation was the key for tracking the differential 

amplitudes and phase before and after sample insertion. 

The RPL was generated from the mSI, whereas the polarizer 

positioned behind QW yielded a self-reference signal, with 

intensities corresponding to θ relative to the reference. We 

refer to this output as 
θ

out,polarizerI . The RPL orientation was 

referred to as θ, and the output light intensity emerging 

from “P(45°)” was fixed. Subsequently, the specific changes 

in the intensities arising from the introduction of the 

sample could be clearly observed when the polarizer was 

set at 45° with respect to the PBS axis. The output light 

intensities 
0

out,polarizerI
°

, 
45

out,polarizerI
°

, and 
90

out,polarizerI
°

 indicated in the 

waveforms depicted in Figs. 2(a)~2(c), respectively, were 

substituted into Eq. (15) to calculate the phase retardation 

Δ, which can be translated to the film thickness using Eq. 

(16). It should be noted that all required intensities were 

obtained with no moving parts involved in the polarizing 

devices. This is obviously due to the time-dependent 

orientation of the RPL.

As previously mentioned, our proposed technique uses a 

self-reference signal prior to the introduction of the 

thin-film sample. The influence of glass (BK7) thickness is 
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also investigated, and the results show that the recorded 

output intensities with and without pure glass placed in our 

mSI system are almost identical. The phase shift caused by 

the glass alone is only 0.0073 rad, which is considered 

insignificant and can be neglected. The BK7 substrate used 

in this work is 0.94 mm thick. Hence, our proposed scheme 

is suitable for a glass sample of thickness less than 1 mm. 

IV. EXPERIMENTAL RESULTS 

AND DISCUSSION

Transparent Ta2O5 thin-films were deposited via pulsed dc 

reactive magnetron sputtering from a 2″-diameter tantalum 

(Ta: 99.995%) target, using a commercial UHV sputtering 

system (AJA International, Inc. ATC 2000-F). The film 

(a)

(b)

(c)

FIG. 2. Comparison of the relative phases of output signals with and without an inserted sample, for various deposition times of (a) 

10 min, (b) 15 min, and (c) 20 min.
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thicknesses obtained by our mSI setup were compared to 

those acquired via two conventional techniques: variable- 

angle spectroscopic ellipsometry (VASE; J.A. Woollam) 

and field-emission scanning electron microscopy (FE-SEM).

4.1. Ta2O5 Thin Film Measurement

The Ta2O5 thin-film samples of different thicknesses 

deposited on the BK7 substrates were characterized by the 

mSI setup. The sample was inserted into the light beam’s 

path between PZT(M2) and M1. The output light intensities 

detected by D1 in terms of voltages were processed by a 

program at the different intensity points indicated in Fig. 2. 

The data required to solve Eqs. (15) and (16) could be 

determined by applying the signal algorithm discussed in 

Section 3. The three output light intensities listed in Table 1 

are the average maximum intensities obtained from Figs. 

2(a)~2(c) for the unchanged polarizer orientation and given 

deposition times.

These intensities were used as numerical data for Eq. 

(15) to determine the phase retardation for each deposition 

time. From the graphs shown in Figs. 2(a)~2(c), we 

calculated the phase retardations with the inserted sample 

for deposition times of 10, 15, and 20 min to be 0.87, 0.64, 

and 0.70 rad respectively. The maximum and minimum T 

values must be carefully tracked, along with the phase 

retardation, to determine the appropriate m value. The film 

thickness can eventually be determined using Eq. (16) (e.g. 

d(10 min) = (0.87 + 2π) × λ/4πn1 = 168.6 nm). The measured 

thicknesses using our proposed mSI system for deposition 

times of 10, 15, and 20 min were 168.6, 237.3, and 312.8 

nm respectively.

4.2. VASE and FE-SEM Techniques

From the measured spectroscopic ellipsometry (SE) data, 

we constructed a physical model to describe the possible 

Ta2O5 film structures. For the PVD fabrication process that 

yields “islands” of films, the physical model was assumed 

to be a double-layer structure, with a Ta2O5-dense layer and 

a top surface-roughness layer, as in Fig. 3(a). We chose 

the proposed physical structure also because it suitably 

reflects the inhomogeneity of a mixture of dense material 

and voids for the case of island-film growth [24, 25]. This 

physical model was then utilized in combination with an 

(a) (b)

(c) (d)

FIG. 3. Physical model proposed in this study: (a) Ta2O5 film structure for spectroscopic ellipsometry (SE) analysis, and Tauc-Lorentz 

oscillator [25] fitting curves of the ellipsometric parameters Ψ and Δ, for deposition times of (b) 10 min, (c) 15 min, and (d) 20 min.

TABLE 1. Output light intensities as detected by the 

unchanged polarizer orientation under study conditions

Sample
Average maximum intensity (volts)
0

out,polarizerI
° 45

out,polarizerI
° 90

out,polarizerI
°

Ta2O5 ≡ 10 min 8.95 8.46 2.42

Ta2O5 ≡ 15 min 7.72 8.52 3.24

 Ta2O5 ≡ 20 min 7.98 8.50 2.73
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optical model, the Tauc-Lorentz model, to represent the 

optical dispersion of the Ta2O5 thin film [25]. Figures 

3(b)~3(d) show the curves of the ellipsometric parameters 

ψ and Δ, fitted with the proposed film structure and the 

optical dispersion of the sputtered Ta2O5 thin films, for 

various deposition times. The results show that the measured 

data suitably agree with the predictions of the proposed 

inhomogeneous physical model. From the ellipsometric 

results, the total film thickness of the prepared sample could 

be determined for each corresponding deposition time. The 

thicknesses of the dense layer and surface roughness were 

summed to obtain composite thickness values of 154.2, 

239.6, and 313.9 nm for deposition times of 10, 15, and 

20 min respectively. 

These results were further confirmed by means of cross- 

sectional FE-SEM micrographs (Fig. 4) of the Ta2O5 thin 

films on a BK7 substrate, for various deposition times. The 

films were compact, homogeneous, and perfectly adherent 

to the BK7 substrate. The average thicknesses obtained from 

image analysis of the sample cross sections for deposition 

times of 10, 15, and 20 min were 156.6, 222.6, and 309.7 

nm respectively.

4.3. Result Comparison and Discussion

The film thickness measurements achieved with mSI, SE, 

and FE-SEM were compared. The differences in thickness 

readings between the mSI and SE and mSI and FE-SEM 

are 8.54% and 7.11%, 0.97% and 6.19%, and 6.19% and 

0.99% for deposition times of 10, 15, and 20 min 

respectively. The longer the deposition time, the lower was 

the error. This could be explained by the deposition rate 

being unsteady at the beginning and becoming more linear 

as time went on. Nevertheless, the results were not signifi-

cantly different among the SE, FE-SEM, and our proposed 

method. In conclusion, our approach afforded a simple setup 

that generates RPL, with which we can perform precise 

and accurate thickness measurements of thin films.

V. CONCLUSION

In this study we generated rotating polarized light (RPL) 

with a simple mSI setup to measure thin-film thickness. 

More importantly, our study successfully demonstrated the 

precision of the mSI method in measuring the thicknesses 

of Ta2O5 thin films deposited on a BK7 substrate, for 

several different deposition times. The Ta2O5 thin films 

were prepared via magnetron sputtering. The films exhibited 

a low absorption at high deposition rates over deposition 

times of 10, 15, and 20 min. The experimental results 

obtained with our mSI system were compared to those 

obtained with standard VASE and FE-SEM techniques, to 

verify the performance of the proposed scheme. Conse-

quently, no significant difference was found among the 

three sets of results. Using our approach, generating suitable 

RPL, accurately determining a thin film’s thickness, and 

characterizing the phase retardation of an optical device 

(e.g. polarizer, HWP, QWP, or liquid-crystal variable wave 

retarder) are possible.
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