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Abstract: With the advancement of microelectronics, semiconductors, and nanotechnology, 
thin-film materials have found extensive applications in electronic and optical components. 
The thin-film thickness serves as a critical parameter affecting the performance and reliability 
of such components. For rapid, non-destructive, and precise thickness measurements, 
generalized ellipsometers have attracted considerable research. However, commercially 
available ellipsometers typically require two motors to realize the variable angle (one to control 
the polarization state generator/analyzer, and another to rotate the sample stage). This 
conventional design suffers from complex structure, high cost and difficulty in optical path 
calibration after angle variation. To address these limitations, a novel variable angle structure 
driven by single motor is proposed in this paper, in which the polarization state generator is 
fixed and the polarization state analyzer and the sample stage are driven simultaneously using 
single motor to realize the variable angle. Using the developed system, standard thin-film 
samples of Au, Ag, and Cu, each with a nominal thickness of 50 nm, were tested. The results 
indicated that the thicknesses of the three samples fell within the range of 50±2 nm. 
Furthermore, the system exhibited minimal measurement error at an incident angle of 70° . 
These findings demonstrate that the proposed ellipsometry system with variable angle driven 
by single motor offers higher integration, simpler operation, and lower cost compared to 
traditional dual-motor designs.
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1 Introduction

Along with the development of the nanotechnology, 
integrated circuits, flat-panel displays and semiconductor 
technology, nano-materials have been widely used in 
various fields [1-3]. As a common nano-material, metal 
-film plays an important role in the application of 
nanotechnology. For example, metal-films are used in 
optical fiber communication to prepare inductive filters, 
short-wave communication films, and depolarizing beam 
splitters with superior performance. In micro-electro-
mechanical systems (MEMS) manufacturing, metal-films 

are used as electrodes and seed layers [4]. Measuring the 
thickness of a metal-film quickly, accurately, and non-
destructively is significant to improving the industry's 
production efficiency and product performance.

The measurement methods of metal-film thickness 
are roughly divided into non-optical and optical methods. 
Non-optical methods mainly include high-precision 
microscopic measurements, probe measurements, etc. [5]. 
Among them, high-precision microscopic measurement 
mainly uses transmission electron microscope (TEM), 
scanning electron microscope (SEM), atomic force 
microscope (AFM), etc.[6,7], which have the advantages of 
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high measurement accuracy but have complicated 
operation, high cost, slow measurement speed, and 
contact measurement that may damage the sample. The 
probe measurement method employs an easy-to-operate 
probe profiler with a much more extensive scanning 
range than microscopes for measurements. Owing to the 
need for secondary processing of the sample, however, it 
is easy to damage the sample's surface, and non-
destructive testing cannot be achieved [8]. Optical 
methods mainly include ray thickness, laser thickness, 
optical interference thickness, ellipsometry thickness 
measurements, etc. Among them, the ellipsometry 
method analyzes and extracts parameters (such as film 
thickness, optical constants) of the sample by measuring 
the change of polarization characteristics of polarized 
light before and after being incident on the sample. It has 
become the most widely used method because of its high 
precision, high sensitivity, and non-contact [9-11].

At present, the common types of ellipsometers 
include a rotary analyzer, rotary polarizer, and single-
rotation compensator. These ellipsometers have simple 
structures, a wide range of incident angles, and a broad 
measurement spectrum. In a single measurement, 
however, only partial elements of the Mueller matrix of 
the sample can be obtained. Additionally, the method is 
only suitable for measuring isotropic samples[12-14]. In 
1978, Professor Azzam[15] proposed a dual rotating 
compensator ellipsometry measurement technology. By 
setting a specific rotational speed ratio to the two 
retarders, all 16 elements of the Mueller matrix were 
obtained for the first time. In 1999, R. W. Collins et al.[16] 
proposed a dual-rotating compensator multi-channel 
generalized ellipsometer and made a detailed theoretical 
analysis of its use for fast measurement of surface thin 
films. In 2008, G. Piller et al [17] studied the systematic 
errors due to azimuth shifts of the polarizer, analyzer and 
two compensators in a dual rotating-compensator Mueller 
matrix ellipsometry. In 2016, W. Q. Li et al [18] studied the 
depolarization artifacts in dual rotating compensator 
Mueller matrix ellipsometry. In 2023, J. Qi et al [19] 
proposed an error correction method based on a reference 
optical path for Mueller matrix ellipsometry. So far, these 
are commercially available generalized ellipsometer 
based on dual rotating compensator on the market, such 
as VASE type wide-spectrum generalized ellipsometer 
developed by the J. A. Woollam Co, ME-L type 
generalized ellipsometer developed by the Wuhan eoptics 
Technology Co., Ltd, EGS02 type generalized 
ellipsometer developed by the ELLITOP Scientific Co., 
Ltd, and so on.

However, the implementation of the angle changing 
function for the current commercial generalized 
ellipsometers are usually driven by two motors, one is 
used to control the polarization state generator/analyzer, 
and the other is used to control the sample stage, which 
will lead to a high cost and need for precise coordinated 
control of the dual-motor to ensure measurement 

accuracy. Compared with the dual-motor control, the 
proposed variable angle structure driven by single motor 
offers cost-effectiveness, integration simplicity, ease of 
calibration—without compromising measurement 
capability. To further verify the performance of the built 
generalized ellipsometry system, different metal-films 
were tested.

2 Measurement Principle

The schematic of the generalized ellipsometry 
measurement based on the dual rotating-compensators is 
shown in Fig. 1, where C1 and C2 represent the first and 
second rotary compensators, respectively.

When the beam passes through the elements P, C1, 
and S, C2, and A, the Stokes vector of the outgoing beam 
can be expressed as Sout 

[20]:
Sout = [MA R (A) ][ R ( -C2 ) MC2(δ2 ) R (C2 ) ] ´MS ´

[ ]R ( )-C1 MC1( )δ1 R ( )C1 [ ]R ( )-P MP Sin (1)

where Sin is the Stokes vector of the beam before entering 
the polarizer, MP and MA are the Mueller matrices of the 
polarizer and analyzer, respectively. MC1(δ1) and MC2(δ2) 
are the Mueller matrices of the compensators C1 and C2, 
when the phase retardations are δ1 and δ2, respectively. 
MS is the Mueller matrix of the sample, and R(α) is the 
rotated Mueller matrix when the azimuth angle of the 
element relative to the incident surface is α. The first 
element of Sout is the light intensity I detected by the 
detector, which can be expressed as:

I = I0{K1 + [c2 cos 2A + s2 cos (4C2 - 2A) ] K2

+ [ ]c2 sin 2A + s2 sin ( )4C2 - 2A K3

-sin δ2 sin 2 ( )C2 -A K4 } (2)

where,
Kj =mj1 + [c1 cos 2P + s1 cos (4C1 - 2P ) ]mj2

+ [ ]c1 sin 2P + s1 sin ( )4C1 - 2P mj3

+sin δ1 sin 2 ( )C1 -P mj4 (3)

and cj=cos2(δj/2), sj=sin2(δj/2), mjk(j=1,…,4; k=1,…,
4). By performing Fourier analysis on I, and parallel 
calculations with Eq. (2), all 16 elements mjk of the 
Mueller matrix of the sample can be deduced.

The Mueller matrix of the isotropic metal-film 

Fig.1 Schematic diagram of generalized ellipsometry measurement 
based on dual rotating compensators
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where the relationship between N, L, C and the 
ellipsometry parameters (Ψ, Δ) is as follows: N=cos(2Ψ), 
L=sin(2Ψ)sinΔ, C=sin(2Ψ)cosΔ. Since sine and cosine 
functions describe N, L, and C, they are between −1 and 
1. The Experimental measurements of ellipsometry 
parameters Ψ and Δ in mjk are obtained through the 
relationship between N, L, C, and the ellipsometry 
parameters.

Selecting a suitable model is the key to preparing the 
ellipsometry film thickness measurement. This paper uses 

the Lorentz dispersion model to model the Au, Ag, and Cu 
films. The dielectric constant ε can be expressed as [21]:

ε(ω)= ε¥ +
ω2

p

(ω2
0 -ω2 )- iωγ

(5)

where ω0 is the natural oscillation frequency of the metal. 
ε∞ , γ, ωp, and ω0 are related to the frequency of incident 
light and determined by fitting. According to Eq. (5), the 
fitting results of the dielectric constants ε of Au, Ag, and 
Cu are shown in Fig. 2. It can be seen that the fitting 
results of Au, Ag, and Cu are consistent with their 
theoretical ε values. By determining ε, the optical 
constants of the metal-film that continuously change with 
wavelength can be obtained, including the refractive 
index n and extinction coefficient k[22], and then the 
theoretical Ψ and Δ values can be calculated.

When the incident wavelength λ and incident angle θ 
are determined, the ellipsometry parameters Ψ and Δ are 
functions of the refractive index n, extinction coefficient 
k, and film thickness d of the thin-film sample, that is, Ψ=
f (n, k, d) and Δ= g (n, k, d). Through regression analysis, 
the theoretically generated Ψ and Δ are compared with 
the experimentally measured Ψ and Δ, and the measured 
values of Ψ and Δ are fitted by constantly changing n, k, 
and d. When the fitted Ψ and Δ are in good agreement 
with the measured Ψ and Δ, the d of the metal-film 
sample is finally obtained.

3  Variable Angle Principle and 
Structure Driven by Single Motor

The multi-angle measurement of the ellipsometer 
proposed in this paper is achieved by fixing the 
polarization state generator (PSG), rotating the 
polarization state analyzer (PSA) and the sample stage 
synchronously by single motor. To ensure the collimation 
of the optical path after each angle change, the rotation 
angle β of PSA and the rotation angle α of the sample 
stage should be satisfied as β =2α, as shown in Fig. 3, 
where N is the normal of the sample surface when the 
PSA is in its initial state (β=0°). γ is the incidence angle 

when the rotation angle of the PSA is β , and the normal 
is N'.

The schematic of the variable angle structure driven 
by single motor is shown in Fig. 4. The main axis of the 
motor is connected with the PSA and the gear 1 to drive 
the PSA to rotate. The gear 2 with the same number of 
teeth as gear 1 is driven by gear 1. The gear 3, which is 
coaxial with gear 2, drives gear 4 to rotate to realize the 
rotation of the sample stage. In order to keep the 
collimation of the optical path during the angle change, 
according to the Fig. 3, the ratio of the number of teeth 
between gear 3 and 4 is set to 2:1. Thus, the sample stage 
and the PSA rotate synchronously at a speed ratio of 1:2 

Fig.2 Fitting results of ε for metal-films: (a) Au, (b) Ag, and (c) Cu

Fig.3 Schematic diagram of the variable angle principle
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to maintain real-time optical alignment. The structure 
shown in Fig. 4 not only ensures a compact overall 
structure of the system, but also reduces alignment time 
in comparison with the traditional horizontal variable 
angle structure that requires high-precision coordinated 
control of dual-motor to maintain optical alignment.

4 Experiment

The generalized ellipsometry system constructed 
according to the principle shown in Fig. 1 and Fig. 3 is 
shown in Fig. 5. The light source (MDL-XS-635 nm, 
Changchun New Industry Optoelectronics Technology 
Co., Ltd., Changchun, China) uses a laser with a 
wavelength of 635 nm . The polarizer P and analyzer A 
use a Rochon prism (RPM10, THORLABS, Newton, NJ, 
USA), the compensators C1 and C2 are achromatic λ/4-
wave plates (WPA-4-15-400-100-DZ, Beijing Liangtuo 
Technology Co., Ltd.), and a photodetector (Model 
PDA10A-EC, THORLABS Inc., Newton, New Jersey, 
USA) detects the output light intensity. The thin-film 
samples are selected as standard samples of silicon-
based Au, Ag, and Cu, and the coating thickness is 50±
3 nm.

According to the device shown in Fig. 5, two 
compensators are mounted inside hollow stepping motors 
(Model 42, Fujian Xinxuan Electronic Technology Co., 
Ltd., Fujian, China) and rotate synchronously at an 
angular frequency ratio of ω1:ω2=5: 3, and the standard 
samples of Au, Ag, and Cu are tested. In the two optical 
cycles, the change of the collected light intensity as the 
modulation time is shown in Fig. 6, indicating that the 
collected light intensity is relatively stable.

Substituting the light intensity in Fig. 6 into Eq. (2), 
the obtained Mueller matrices of the Au, Ag, and Cu 
samples at different incident angles are shown in Fig. 7. It 
can be seen that the distribution of Mueller matrix 
element values of Au, Ag, and Cu films is relatively 
regular, and when the incident angles are 60° , 65° , and 
70° , the Mueller matrix element values are closer. 
However, when the incident angle is 75°, the elements of 
the Mueller matrix change significantly. This is because 
the ellipsometry parameters Ψ and Δ change significantly 
when the incident angle is near the Brewster angle, and 
the measurement is also more sensitive [23].

According to Eq. (4), the ellipsometry parameters 
obtained by the experimental measurement are shown in 
Fig. 8. To measure the thickness of the metal-film, the 
simulated annealing algorithm. [24] programmed in 
MATLAB R2025b (MathWorks, Natick, MA, USA) is 
used to perform numerical iterative fitting on the 
experimental ellipsometry parameters Ψ and Δ, and the 
fitting results are shown in Fig. 8. It can be seen that the 
fitting results are basically consistent with the 
experimental model. It can also be seen from Fig. 8 that 
both Ψ and Δ show a decreasing trend with the increase 
of the incident angle θ, where Ψ changes slightly with θ, 
while Δ changes significantly. This shows that the 
variation of Δ with θ is obviously sensitive to Ψ. That is, 
in ellipsometry data processing, when calculating the film 
thickness d, the accuracy of the ellipsometry parameter Δ 
is more important than the accuracy of Ψ. Since the 
ellipsometry parameters change greatly near the Brewster 
angle, it can also be seen from the figure that the 
Brewster angle of the metal-film sample is around 70°.

The thickness fitting result of the metal-film is 
shown in Fig. 9. It can be seen that when the incident 
angle is 70°, the measured value is closer to the true value 
of the sample thickness, indicating that the fitting effect is 
the best near 70° and confirms the speculation that 
Brewster's angle is around 70°.

Table 1 lists the absolute error of thickness d. The 
thickness fitting error of Au and Cu samples is less than 
1nm, while the thickness fitting error of the Ag sample is 
less than 2nm. Au and Cu samples had relatively better 
thickness fitting results than Ag samples. The potential 
causes include the accuracy of Ag optical constants, 
surface oxidation effects, or material-dependent 
sensitivity in the fitting process.

Fig.4 Schematic of the variable angle structure driven by single motor

Fig.5 The generalized ellipsometry system with variable 
angle driven by single motor

Fig.6 Light intensity versus modulation time
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The thickness measurement values of the three 
metal-film samples are all in the range of 50±2nm, 
showing the good performance of dual rotating-
compensator Mueller matrix ellipsometry in measuring 
the metal-film thickness. After 30 repeated 
measurements, the standard deviation for measuring 
thickness is shown in Table 1. According to the above 
analysis, to measure the ellipsometry parameters and 
thickness with higher accuracy, the basic principle for 
selecting the incident angle choosing the Brewster angle 
or nearby angles as the incident angle.

5 Conclusion

In this study, a generalized ellipsometry 
measurement system with the variable angle driven by 
single motor is proposed, and the self-made ellipsometry 
system was investigated by testing Au, Ag, and Cu thin-
film samples with thicknesses of 50nm at multiple angles. 
The results show that the variable angle structure driven 
by single motor has advantages of simple operation, low 
cost and high precision in optical alignment, and the 

Fig.7 Mueller matrices of metal-film samples at different incident angles: (a) Au, (b) Ag, and (c) Cu

Fig.8 The results of the ellipsometry parameters (a) Ψ and (b) Δ for the metal-film samples at different incident angles

63



Peng Xue et al: Generalized Ellipsometry Measurement based on Variable Angle Driven by Single Motor

measurement system can accurately measure the 
thickness of the metal-film. The thicknesses of the three 
metal-films are all in the range of 50±2nm, and when the 
incident angle is 70° , the system measurement error is 
minimized, showing that measurement system has 
superior performance in measuring metal-film thickness. 
It has important academic significance and application 
value in the engineering process of generalized 
ellipsometer.
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