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ABSTRACT According to the transmission mode of polarized light in Mueller ellipsometry, a charac-
terization method for the thickness and optical constants of isotropic nano films based on Self-Adaptive
Differential Evolution algorithm (SADE) is proposed. By establishing the least square model of the output
light intensity with respect to the Mueller matrix of the standard sample to be measured, the elements of the
Mueller matrix are solved by using the Sade algorithm, and the Mueller spectral curve obtained by fitting
is compared with that measured by DRC-MME, and the film thickness is calculated by using the transfer
matrix. The SiO; / Si standard samples with calibration values of 100.4 nm and 121.56 nm are simulated and
calculated. The experiment shows that: when numbers of iterations accumulated to 65 and 80 respectively,
the residual square sum of the light intensity of the objective function converges to the minimum values
of 1.24 and 1.02. The calculated film thickness values are 101.25nm and 120.53nm respectively, and the
relative errors are both less than 1%. It proves the characteristics of simple calculation, fast convergence and

accurate global optimal solution.

INDEX TERMS Nanotechnology, ellipsometry, algorithms, calibration.

I. INTRODUCTION

With the development of nanometrology technology, micro-
films and nanofilms have been widely used in various
applications due to their excellent chemical properties.
In addition to their use in microelectronics, nanofilms are
used as the stealth coating of an aircraft surface and the
coating on the exhaust nozzle of an aeroengine [1]-[3].
Microfilms and nanofilms typically contain monocrystalline
silicon, polycrystalline silicon, silicon oxide, silicon nitride,
and some metallic materials [4]. Compared with traditional
coatings, microfilm and nanofilm coatings have higher
hardness, oxidation resistance, and corrosion resistance.
Microfilms and nanofilms improve the performance and
service life of the coated material considerably [5]. The
properties of nanostructured materials are affected by their
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optical constants, geometric dimensions, morphology, and
structure. Even small changes in these parameters cause
considerable variations in nanostructured material properties.
The optical constant and film thickness are the most
important factors influencing the properties of nanostructured
materials; therefore, accurate measurement of the optical
constant and thickness of a thin film is crucial [6].

Scanning electron microscopy and atomic force
microscopy are the main methods of measuring the nanos-
tructure geometry. These traditional measurement methods
can meet the measurement requirements for nanostructures;
however, they have the disadvantages of low measurement
speed and complex operation and cannot be used to achieve
real-time measurement in process manufacturing [7], [8].
The Mueller ellipsometer is a model-based optical precision
measurement instrument. Geometric parameters are obtained
through the Mueller matrix inversion of samples. This
method has the advantages of high speed, low cost, and
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FIGURE 1. Light path diagram of light beam in ellipsoidal system.

nondestructive and simple operation and can be used to
achieve the on-line detection of thin films. In general, when
many samples must be measured, the solution equations
related to the film parameters are overdetermined equations
in modeling and calculation. Therefore, the best value
in the range of multiple solution values must be found.
Consequently, a strict solution cannot be obtained for the
aforementioned equations [9], [10].

Levenberg-Marquardt (LM) is the main algorithm to
solve the overdetermined equation of film parameters [11].
Although it combines the characteristics of Newton’s
method [12] and Gradient Descent (GD) [13], when the film
with complex surface structure is encountered, its calculation
speed is slow and accuracy is inaccurate, which does not
meet the requirements of online detection in production
and manufacturing. In order to discuss the requirement of
high precision on-line thin film measurement, this paper
proposes a method based on the self-adaptive differential
evolution (SADE) algorithm for characterizing the thickness
and optical parameters of nanofilms and microfilms. A least
squares model of light intensity is established according
to the transmission mode of a light beam in the Mueller
ellipsometry system. The elements of the Mueller matrix
of the sample are fitted using the SADE algorithm. More-
over, the film parameters that satisfy all the equations
associated with the transmission matrix of an isotropic
sample can be quickly determined with the aforementioned
algorithm [14].

In this paper, the chapter I discusses the development of
nanotechnology and nanostructure measurement methods.
In the chapter II, the optical principle and model solving
method of the double rotary spindle ellipsometry system
are discussed. In the chapter III, the least square model of
the outgoing light intensity is established, and the improved
adaptive differential evolution algorithm is used to solve the
model. In the chapter IV, experiments are designed to verify
the proposed method. And we summarize the whole text in
the chapter V.

90232

Il. MEASUREMENT PRINCIPLE OF AN ELLIPSOMETER

An ellipsometer measures the change in the polarization
state of a light beam after it undergoes scattering through
a sample. The film thickness and optical properties of the
measured sample are inversely determined through modeling
and calculation. The measurement process comprises two
steps. The first step involves constructing a theoretical
light intensity matrix comprising the geometric parameters
(such as the film thickness), incident angle of the light
source, and azimuth angle of the polarizer through forward
optical modeling. The second step involves measuring the
light intensity matrix of the sample by using the Mueller
ellipsometry system and matching the theoretical optical
matrix calculated by the model with the measured light
intensity matrix to extract the geometric parameters when the
accuracy requirement is satisfied. The light path of a beam in
an ellipsometer is displayed in FIGURE 1 [1].

The Mueller ellipsometer mainly consists of a light source,
polarizer, wave plate, and spectral detector [15]. The light
beam emitted from the light source passes through the
collimating system to form parallel light, which is vertically
incident into a polarization state generator (PSG) composed
of a polarizer P and compensator Cj, and the parallel light
is modulated into polarized light. The polarized light then
converges on the sample surface and enters a polarization
state analyzer (PSA) after being reflected by the sample. The
PSA is composed of a compensator C; and polarizer A. After
demodulation by the PSA system, the emitted parallel light
enters the spectrometer, which splits the light and measures
the light intensity through a detector [16].

The polarization state of light is described by the Stokes
vector, and the change in the polarization state of outgoing
and incident light can be expressed as follows [17]:

Sour = MAR (As) - [R (—Cs2) Mc2 (82) R (Cs2)]
My - [R(—=Cs1)Mc1 (61) R(Cs1)] - R(—Ps) Mp-Siy,
(D
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where S;, and Sgu¢ are the Stokes vectors of the beam
before entering the PSG and after passing through the PSG,
respectively; As and Pg are the transparent-axis azimuths
of the polarizers A and P, respectively; Cs; and Csp
correspond to the initial fast-axis azimuths of compensators
C; and C,, respectively; &1 and §, are the phase delays of
the compensators C; and C,, respectively; Ma, Mp, Mc3,
Mci, and My, are the Mueller matrices of the polarizer A,
polarizer P, compensator C;, compensator Cy, and sample
to be measured, respectively; and R(6) represents for the
Mueller matrix when the element rotates 6 relative to the
incident plane. Without considering the polarizer rotation,
light leakage, and stress birefringence, the following matrices
are obtained [18] (2)—(7), as shown at the bottom of the page.

An experiment was conducted using a Mueller ellip-

To obtain 16 elements of the Mueller matrix of samples,
at least 16 sets of light intensity data must be measured, where
m*n > 16.

The first element of the Stokes vector represents the light
intensity. The polarization states of the PSG and PSA are
denoted by G and W, respectively. The Stokes vector of the
incident light is expressed as follows: S;; = (1,0,0, O)T.
The outgoing light intensity is only related to the first-row
element G; of R(—Cgs1)Mci1(61)R(Cs1)R(—Ps)Mp and the
first-row element Wj of R(—Cs2)Mc2(82)R(Cs2)R(Ag)MA.
Thus, the output light intensity detected by the light intensity
detector at time t, which is denoted by I(t), is expressed as
follows [1]:

sometry measurement system with double-rotating compen- I(t) = WiMLGy ®)
sators. The measurement system is a continuous rotating
polarization system. The compensators C; and C; rotate where
synchronously at an angular velocity ratio of 1:5. The
stepper motor drives the wave plate C; to rotate with a
fixed step size. Each position is a polarization modulation 1
state, m is the number of polarization states generated in a cos2 5_1 cos (2Ps) +sin? 8_1 cos(4Csy — 2Ps)
period, and n is the number of detection states corresponding G; = 2 2 9)
to each polarization modulation position. The number of cos? i cos (2Ps)+sin? St sin(4Cs; — 2Ps)
. . . . . . . * 2 2
light intensity measurements in an optical period is m*n. Sin(2Cs| — 2P¢)sin 8,
1100 10 O 0
1100 01 0 0 .
Ma=Mr=10000 [Ma®) =00 coss; sins; | =12 @
10000 0 0 —sind; cosé;
1 0 0 0
0 cos26 sin26 0
R(e) - O—Sln20 COSZQ O (O_PSv Cls CZ,AS) (3)
10 0 0 1
1 cos 2Pg sin 2Pg 0
1| cos2Ps  cos?2Ps  sin2Pscos2Ps 0
R(=Ps)Mp = 2| sin 2Pg sin2Pg cos 2Pg sin? 2Pg 0 )
0 0 0 0
1 cos2Ag sin 2Ag 0
1| cos24s  cos?2Ag  sin2Agcos2Ag 0
MsR (As) = = | . . .
AR (4s) 2 | sin2Ag sin2Ag cos2Ag sin? 2Ag 0 )
0 0 0 0
Mc, = R(—=Ci) M., (A1) R(C1)
1 0 0 0
10 1—(1—cosA1)sin22C1 (1 —cosAjp)sin2Cycos2C; —sin Aqsin2Cq )
T 100 —=cosAp)sin2Cicos2C; 1 — (1 —cosAy) cos22C;  cos Ajcos2Cy
0 sin A1 sin2Cy —sin A cos2Cy cos A
Mc, = R(—=Ci) M., (A1) R(C1)
1 0 0 0
10 1—(1—cosAl)sin22C1 (1 —cosAq)sin2Cycos2C; —sin Aq sin2Cy )
T 100 —=cosAp)sin2Cicos2C; 1 — (1 —cosAy) cos22C;  cos Ajcos2C
0 sin A1 sin2C —sin A cos2Cq cos A
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1

5 02 .5 02
cos” — cos (2Ag) +sin” —= cos(4Csy — 2As)
Wi = 5 ; (10)
cos? > cos (2Ag)+sin? 0} sin(4Csn — 2As)

Sin(2C52 — 2A5) sin 52

After m*n datasets of light intensity are collected, the
theoretical relationships between the light intensity matrix
and the polarization modulation matrix, polarization detec-
tion modulation matrix, and sample Mueller matrix are
determined.

In*m = Wn*4ML G4*m

Wi mi1 mia mi3 mig

_ W2 1 may may moz mog (G Gy Gy ]
: m3| m3p m33 m34
W, | Lma1 maz maz mag

(11)

where I+, is the light intensity matrix of all the polarization
states. By performing the vectorization operation on Equa-
tion (10), the intensity matrix I+, is expanded into a column
vector with m*n rows. The matrix M, is expanded into a
column vector with 16 rows.

T
I
Ly | = (GT ® W) Vee (M)
I
L Lim _
o
m
guW guW guW gaWw mi
g1W gnW gnW gipW
= . . . . ma | (12)
. . . . mip
gmW g2mW g3mW gamW
| mas

The 16th order matrix is the Kronecker product of the
transposition of the PSG matrix G and PSA matrix W. If a
complete Mueller matrix is required, at least 16 sets of light
intensity data should be collected. If n = m = 4, the 16 equa-
tions in Equation (12) can be solved strictly to obtain the
Mueller matrix of the sample. In general, to improve the
measurement accuracy and reduce random error, the number
of light intensity measurement sets should be >16. In this
situation, Equation (12) is a set of overdetermined equations
composed of m * n equations. To reduce the fitting error
and consider the diversity and correlation of parameters,
the self-adaptive differential evolution (SADE) algorithm is
used to solve the equations.
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IIl. MODELING AND SOLUTION

In an ideal case, the light intensity calculated with the Mueller
ellipsometer model should be equal to the measured light
intensity. However, due to the existence of error, a certain
residual exists between the theoretical and measured light
intensities. The solution of the sample Mueller matrix is
obtained by minimizing the total residual error of the model.
Solving this matrix is essentially a global optimization
problem. In this study, the least squares method is used for
fitting. The parameters to be fitted are 16 matrix elements
of the Mueller matrix. The objective function is the residual
square sum of the theoretical and measured light intensities
for all the samples.

mn
X2 ¢ (I/t,) = min |:Z (Iti - Iouti)z:|
i=1
mxn
min |:Z ylz:|
i=1

= minf (13)

where j is the dimension of the parameter to be optimized. The
objective function can be solved with an optimization algo-
rithm according to the principle of the least squares method,
and the parameters with the least square sum of residuals
can be obtained. Traditional optimization algorithms mainly
include the Newton method, Gauss—Newton method, and
gradient descent method, which have certain limitations for
the optimization of complex structures.

A. SADE

The differential evolution (DE) algorithm is an adaptive
intelligent algorithm proposed by Rainer Storm and Kenneth
Price in 1997. The DE algorithm has high reliability,
efficiency, and robustness. It can search continuously and
parallelly in the solution space. The DE algorithm has been
proved to be one of the fastest evolutionary algorithms.
Equation (12) is an overdetermined system of equations;
therefore, determining the value of Mueller elements with
a strict solution is difficult. To overcome this problem,
the SADE algorithm can be used to fit the initial solution
space [18]. The DE algorithm is a multiobjective optimization
algorithm. It adopts the strategies of real number coding,
mutation based on difference, and competitive survival. The
DE algorithm comprises the same steps as the genetic
algorithm does, namely mutation, crossover, and selection.
In the DE algorithm, parent individuals are randomly
extracted from the initial population to mutate them and cross
them with each other for forming a new vector individual. The
greedy strategy is then used to select the better result between
the parent individual vector and the new vector individual
as the offspring. The SADE algorithm is used to obtain a
higher convergence speed and accuracy than those of the DE
algorithm. The flowchart of the SADE algorithm is displayed
in FIGURE 2.
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FIGURE 2. Flowchart of the SADE algorithm.

B. POPULATION INITIALIZATION
In order to make the measurement accuracy of the algorithm,
we first measure the thickness of the film roughly to get the
thickness interval and the initial parameter interval, and then
use the SADE to explore the parameters that can make the
objective function optimal in the initial parameter interval.
The number of individuals in the initial solution NP is
determined according to the parameters to be fitted. For a
dimension D, the individuals in the initial population are
expressed as follows:

k k k k k .
x; = [xi’l,xm,xm, ...,xivD] i=1,2,...,NP (14)

where x{‘ is the individual of the kth iteration and O is

the initial population. In the solution space, each individual
randomly generates a set of initial vectors as the parent as
follows:

xgj = Lj_min + rand; j (0, 1) (Lj_maX — Lj_min)
j=L12,...,D (15)

The solution space of the DE algorithm has certain
boundary conditions and represents the upper and lower
limits of the solution space.

C. MUTATION OPERATOR

The DE algorithm is based on the difference vector between
the parent individuals for mutation operation. For the
individual xf in the k-generation population, three individuals
except xfl , xfz, and xf} are randomly selected. The difference
vector between the two vectors of three is weighted and added
to the third individual. The mutation operator vf.‘ is obtained
through the mutation of the third individual. The mutation
strategy can be expressed as follows:

v =k P (xh - k) (16)

where A, ,, = xfz — xf3 is the difference vector and F

is the given scaling factor that can control the influence of
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the difference vector on the target individual in the mutation
process. In general, F is between 0 and 2 and is usually
taken as 0.5. However, to ensure the mutation of the optimal
individual and improve the superiority of the mutation, F is
adjusted adaptively. Suppose that the order of the three
randomly selected mutation operators from the best to the
worst is xfl, xfz, and xfB. Moreover, assume that the fitness
values corresponding to the aforementioned operators are f1,
fr2, and f;:3, respectively. The value of F is adjusted according
to the adaptive degree of two individuals corresponding to the
difference vector as follows:

Fi=Fi+ (Fo— Fy 2= 17

fr3 _frl

The values of F; and F,, are 0.1 and 0.9, respectively.

D. CROSSOVER OPERATOR

To increase the diversity of the population, the crossover
operator is introduced. In the kth iteration, each parent is
crossed with its corresponding mutation vector. In contrast
to the genetic algorithm, the crossover object of the DE
algorithm is the dimension of the individual. An intermediate
variable or a parent is selected as the offspring according to
the adaptive crossover probability.

' vfj, rand (0, 1) < P,
hi; = k (18)
X j» else
where rand (0, 1) is a random number. The parameter Pcr
is the adaptive crossover probability, which is used as the
threshold to control the individual selection of the offspring
and ranges from O to 1. If Pcr is large, the parent is
more likely to continue as the offspring than the mutation
operator is, which can accelerate the convergence speed of
the function. If Pcr is small, the mutation operator vff ; is
more likely to be the offspring than the parent is, which can
enhance the species diversity. However, large or small single
Pcr is inconducive to the iteration of the function. A suitable
crossover probability should be selected for the mutated
individual and next-generation mutation. In this manner, the
convergence speed can be improved and the global optimal
solution can be found. The adaptive strategy is expressed in
Equation 3-7.
— Pcrl) M, fi> f
fmax _fmin B (19)
fi<f

where f; is the individual fitness of x;; f is the average fitness
of the current population; fi,;, and fi,« are the fitness of the
worst and best individuals, respectively; and P, and P,
are the lower and upper bounds of the population adaptive
probability, respectively (usually 0.1 and 0.6, respectively).

Pcr| + (Pcru
Pcrp

Pcr,-:

E. SELECTION OPERATOR
According to the principle of the greedy algorithm, the DE
algorithm compares the target individual with the crossed
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individual for each generation and selects the better individ-
ual as the offspring to enter the next iteration according to the
adaptive function f.

k k k
xl(c-i-l — {il;(’ f(hl) <f(xi) (20)

L, else

The individual selected according to Equation (20) must
be better than the parent individual, and this individual
eventually converges to an optimal solution.

IV. EXPERIMENT AND DATA ANALYSIS

A. DATA ACQUISITION AND PREPROCESSING

To measure the optical constants and thicknesses of standard
film samples with the SADE algorithm, the films should
meet the requirements of the ideal structure model before the
simulation calculation. According to the optical properties of
the sample film and substrate, a 4*4-order Mueller matrix of
the optical constants, sample thickness, and incident angle
is established using transfer matrix method. For isotropic
nanofilms, the elliptically polarized angle (i) and phase
difference (A) are used to describe the multilayered matrix
as follows:

1 =N 0 O

-N 1 00
M=\ 09 o cs @D

0 0 -ScC

where

N = cos2yr (22)
S = sin 24 sin A (23)
C = sin2y cos A (24)

In general, the aforementioned matrix meets the following
requirement:

N?+82+C?=1 (25)

B. SIMULATION CALCULATION
According to the equations in Sections II and III, the SADE
characterization method was executed. SiO,/Si standard
samples with nominal thicknesses of 100.4 and 121.56 nm
were measured in one optical period () in the wavelength
range of 500-900 nm and at a light incidence angle of
65°. The step angle of the stepper motor was 1.8°. Two
synchronous and continuous rotating wave plates were
rotated at angular velocities of 400 and 80 r/min, with the
initial point being the starting time point. The emitted light
intensity was measured with the fixed step sizes N1 and N2 at
the aforementioned angular velocities, respectively. A total of
81 sets of light intensity data were collected, and the number
of samples n(m*n) was 81. TABLE 1 presents the azimuths of
the light transmission axes of the polarizers P and A as well
as the initial azimuth angles and phase delays of the rotating
wave plates C; and C,.

The selected initial value can directly affect the iteration
speed and calculation results. The initial population of the
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TABLE 1. Parameter values of the system components.

Calibration value

Element Parameter )
Polarizer P Azimuth Ag 45
Wave-plate C, Initial Azimuth ¢, 0
Wave-plate C, Phase Delay 4, 90
Wave-plate C, Initial Azimuth ¢, 0
Wave-plate C, Phase Delay 4, 90
Analyzers A Azimuth Pg -45
Objective function curve
;
6
2 4
23
g .
WL |
oL J
20 40 60 80 100 120
Number of iterations

FIGURE 3. Iterative curve of the 100.4-nm-thick SiO,/Si standard sample.

Objective function curve

Target function value

20 40 60 80 100 120
Number of iterations

FIGURE 4. Iterative curve of the 121.56-nm-thick SiO,/Si standard
sample.

SADE algorithm is usually generated randomly within the
range of the parameter solution; however, if the initial
solution deviates considerably from the accurate value,
the number of calculations increases and the initial population
is determined by overdetermined equations.

In practical applications, for the standard sample with an
ideal isotropic film thickness, 16 elements in the Mueller
matrix have specific physical significance. Among these
elements, mj; only contains light intensity information.
To directly represent the polarization state of the beam,
the Stokes vector of the beam is normalized. The elements
mp3, mi4, Mp3, M4, M3(, M3, My, and myy are 0 by
default, which reduces the parameters to be fitted and thus
the computational complexity.

The SADE algorithm is used to begin iterations for the
initial population listed in Table 2. The period of sample
collection is 0.75 s. The iterations are stopped when the
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FIGURE 5. Mueller spectrum of the 100.4-nm-thick SiO, /Si standard sample.
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FIGURE 6. Mueller spectrum of the 121.56-nm-thick SiO,/Si standard sample.

convergence value is <l or the maximum number of
iterations is 100. The iteration curve is displayed in figure 3.
The iterative curves of the objective function indicate
that when the 100.4-nm-thick and 121.56-nm-thick stan-
dard samples are iterated 65 and 80 times, respectively,
the sums of the squares of the residuals converge to the
minimum values of 1.24 and 1.02, respectively. Moreover,
for the 100.4-nm-thick and 121.56-m-thick standard samples,
the mutation operator f is 0.6 and 0.5, respectively, and
the crossover probability Pcr is 0.1 and 0.3, respectively.
Thus, the SADE algorithm has a high convergence speed for
calculating the exact value of objective function in a short
time. Moreover, it can prevent the calculation result from
falling into the local optimal solution and can find the global
optimal solution by constantly adjusting the step size.
Comparisons between the spectra of the sample Mueller
matrix obtained through fitting and those measured
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TABLE 2. Calculated parameters for the two standard samples.

Nominal thickness / Thickness calculation relative error

nm value / nm
100.41 101.25 0.84%
121.56 120.53 0.85%

with the Muller matrix ellipsometry measurement system
(dual-rotating compensator Mueller matrix ellipsometer) are
displayed in FIGURE 6 and 7. The fitting errors for the
aforementioned two methods are 36.8 and 32.4, respectively.
The depolarization error is one of the main error sources in the
calculation of the Mueller matrix. The depolarization index
(DI; 0 < DI < 1) of the Mueller spectrum is 0.9316 and
0.932 at wavelengths of 300 and 900 nm, respectively.
The order of magnitude of the DI is equivalent to that of
the calculation error; thus, the depolarization effect can be
ignored.
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TABLE 3. Results of repeated experiments.

Nominal thickness / Average thickness Average relative
am Method calculation value /  Max relative error ~ Min relative error egrror Average Time/s
nm
SADE 101.25 0.97% 0.46% 0.84% 1.41
100.40nm Newton 96.04 5.11% 3.94% 4.31% 16.4
' GN 97.85 439% 227% 2.53% 17.4
GD 93.21 11.45% 2.18% 8.07% 253
SADE 120.53 0.91% 0.57% 0.84% 1.32
121 56nm Newton 113.22 8.16% 5.71% 6.86% 29.3
' GN 117.36 7.13% 3.22% 3.46% 36.8
GD 109.18 11.31% 4.35% 10.18% 42.7
1547 0.092 Wuhan Yiguang ME-L ellipsometer (Wuhan Yiguang ME-L
ellipsometer, Wuhan eoptics Technology Company, Wuhan,
1522 0.066 China). The refractive index at the wavelength of 600 nm was
selected to calculate the film thickness value of the sample
1496 0,040 and conduct analysis.
The thickness values obtained after the National Institute
L 0014 of Standards and Technology (NIST) calibration of the
very large-scale integration samples are 100.41 + 0.4 and
1.445 -0.012 121.56 &+ 0.4 nm. The simulation results of the SADE
183.4 556.2 929.1 1301.2 1674.7 algorithm are within the allowable range of calibration error,

FIGURE 7. Variation in the refractive index of the 100.40-nm-thick
Si02/Si standard sample with the wavelength of the incident light.

1480 0.090
K
1.475 0.065
1.471 0.040
1.467 0.015
1.463 0.010
209.0 569.0 929.1 1289.1 1649.1

FIGURE 8. Variation in the refractive index of the 121.56-nm-thick Si02/Si
standard sample with the wavelength of the incident light.

For isotropic standard samples, the elements containing
the optical constants and structural information are Mj»,
M1, M3z, M34, My3 and My4. On the basis of the spectral
curves of the aforementioned elements, the polarization angle
(¥) and phase difference (A) of the sample are calculated
using the inversion method. However, to avoid the error
of the second inversion, the transmission matrix formula
(Equation 21) is directly introduced into the light intensity
formula for obtaining an iterative solution. The film thickness
(d), film refractive index (n), and extinction coefficient
(k) can be obtained using the associated ellipsoid equation.
When SiO,/Si thin films are transparent, the extinction
coefficient k is 0. Therefore, the ellipsometer can be used
to obtain the films and refractive index after measuring the
obtained ellipsometry parameters.

FIGURE 7 and FIGURE 8 respectively show the change
of refractive index of 100.40 nm and 121.56 nm standard
samples with the wavelength of incident light measured by
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and the calculation error for the thickness is <1%. Moreover,
the calculation error of the SADE algorithm is almost equal
to that of the Mueller element. This finding verifies the
accuracy of the film thickness results obtained using the
SADE algorithm. Because the SADE algorithm adjusts
the step size of the next iteration according to the fitness
of each parent population, it can quickly find an appropriate
search direction for the target solution. The SADE algorithm
can not only shorten the solution time but also prevent the
solution from falling into periodic local optima. It can also
be used to accurately calculate the film thickness. The SADE
algorithm is suitable for complex optimization problems with
multiobjective solutions.

C. COMPARATIVE EXPERIMENTS

Because the model established in this paper is an uncon-
strained problem, to solve the problem we need to find the
best parameter vector in the limited parameter interval after
many times of optimization. We found the most commonly
used method to carry out the comparison experiment.

In order to compare the computational effect of SADE
algorithm and traditional optimization algorithm, we use
Newton’s method, Gauss Newton (GN) method and Gradient
Descent (GD) method to compare with SADE algorithm.
We use Wuhan Yiguang ME-L ellipsometer to collect
the light intensity values of standard samples, and use
MATLAB software (MATLAB, MathWorks, Natick, MA,
USA) to compile the above algorithm on the computer with
AMD Ryzen 5 4600H processor, and calculate the matrix
parameters of 100.4 nm and 121.56 nm SiO,/Si standard
samples. Then the matrix parameters fitted by the algorithm
are input into the refractive index calculation software of
Wuhan Yiguang ME-L ellipsometer. After obtaining the
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TABLE 4. Results of repeated experiments.

Nominal thickness / Averagq thickness . . . Average relative .
am Method calculation value/  Max relative error ~ Min relative error rror Average Time/s
nm
SADE 49.69 0.86% 0.54% 0.63% 1.37
LM 49.61 0.81% 0.66% 0.78% 1.01
50.00nm IPSO-NN 49.45 1.30% 0.94% 1.10% 4.69
MBO 49.27 4.46% 0.59% 1.46% 7.76
EHO 49.32 3.37% 0.44% 1.37% 8.12
SADE 101.25 0.97% 0.46% 0.84% 1.41
LM 99.45 1.16% 0.77% 0.95% 1.22
100.40nm IPSO-NN 98.88 1.84% 1.21% 1.51% 4.52
MBO 97.98 4.79% 0.32% 3.37% 8.34
EHO 99.83 2.07% 0.32% 1.55% 12.32
SADE 120.53 0.91% 0.57% 0.84% 1.32
LM 120.10 1.33% 1.01% 1.20% 1.13
121.56nm IPSO-NN 119.70 1.92% 1.18% 1.53% 5.02
MBO 117.07 4.15% 0.61% 3.69% 11.19
EHO 119.17 3.63% 0.46% 2.01% 8.97
SADE 982.23 1.83% 1.41% 1.55% 1.57
LM 980.69 1.97% 1.66% 1.72% 1.36
997.70nm IPSO-NN 971.96 2.67% 2.48% 2.58% 3.96
MBO 955.90 5.59% 2.30% 4.19% 9.15
EHO 959.29 4.11% 1.45% 3.85% 10.29
SADE IPSO-NN
0.6 1.16 T
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FIGURE 9. Iteration results of different algorithms (50.00-nm-thick Si02/Si standard sample).

curve of refractive index changing with the wavelength of
incident light, the experimental parameters of film thickness
with wavelength of 600 nm are selected. Repeat the above
operation to get the average value of 10 times fitting and
the measurement results corresponding to the average value,
as shown in Table 3.

It can be seen from Table 3 that Newton’s method, GN and
GD all are slow in solving the problems, and the calculation
results are not accurate. This is because we need to solve so
many parameters, and the sample size is large, our algorithm
is easy to fall into local optimum. SADE algorithm in this
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paper is a kind of evolutionary algorithm. It has advantages
for solving the problem of many parameters and large sample
size. It can effectively avoid the extreme optimal value and
find the optimal value.

In order to compare the influence of SADE algorithm
with other metaheuristic algorithms on the calibration
accuracy, we use the latest algorithm for characterization
of thin film parameters [19] and the popular meta-heuristic
algorithms Monarch butterfly optimization (MBO) [20],
Elephant herding optimization (EHO) [21] in recent years.
We also use Wuhan Yiguang ME-L ellipsometer to collect the
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FIGURE 10. Iteration results of different algorithms (100.4-nm-thick Si02/Si standard sample).
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FIGURE 11. Iteration results of different algorithms (121.56-nm-thick Si02/Si standard sample).

light intensity values of standard samples, and use MATLAB
software to compile the above algorithm on the computer with
AMD Ryzen 5 4600H processor. In the contrast experiment,
MBO’s elitism parameter is 2, max step size is 1, period is
1.2, and the number of iterations is 100; [IPSO-NN’s learning
factor is 2, initial weight is 0.8, decreasing coefficient is
1074, NN’s learning parameters are 0.5, and the number
of iterations is 100. The EHO’s elitism parameter is 2,
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the number of search agents is 50, and the number of
iterations is 100.In order to make the results more reliable,
we calculated the matrix parameters of SiO»/Si standard
samples at 50.00 nm, 100.4 nm, 121.56 nm and 997.70 nm.
After obtaining the curve of refractive index changing
with the wavelength of incident light, we also selected
the experimental parameters of film thickness at 600 nm.
In addition, we also use the supporting software packages
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FIGURE 12. Iteration results of different algorithms (997.70-nm-thick Si02/Si standard sample).

of CompleteEASE (CompleteEASE, JA woolam Company,
Lincoln, NE, USA), which based on Levenberg-Marquardt
(LM) method for comparison with above methods. Repeat the
above operation to get the average value of 10 times fitting
and the measurement results corresponding to the average
value, as shown in table 4

As can be seen from Table 4, FIGURE 9, 10, 11 and 12,
when solving the problem with multiple parameters and large
sample data, the meta-heuristic algorithm can indeed effec-
tively avoid the extreme value and find the global optimal
value. MBO and EHO are particularly fast, and the region
near the optimal solution can be found within 20 generations.
However, they are not as accurate as SADE, LM and PAO-NN
in judging global and local optimality in the later stage of
program running. This is because the maximum search step
size of MBO and EHO has an obvious effect on the results.
When the step size is small, the global search ability of
the algorithm is poor, and the local search ability is strong,
and the accuracy is higher. Conversely, the global search
ability is strong, and the local search ability is poor, and the
accuracy is lower but more stable. SADE, LM and PSO-NN
are the algorithms that have been debug-tested and verified
for many times in this project. However, the calculation
method of PSO-NN is more complex than SADE. In the
case of the same number of iterations, PSO-NN’s results
are not as stable as SADE. Although LM method, have
been proven to be stable and adaptive to other engineering
applications with the ability to accurately determine both the
thickness and complex optical constants across a wide variety
of materials. However, SADE has the ability to distinguish
different features from big data and can adapt to the features
obtained from multi-parameter data by Muller method, so that
SADE’s calculations are more accurate.
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V. CONCLUSION

This paper proposes the use of the SADE algorithm (The
number of iterations is 50, the square of residual error is
1.24, the minimum value of convergence is 1.02, the mutation
operator F is 0.6, and the crossover probability Pcr is 0.1.)
to solve the Muller matrix of the thickness of a standard
nanofilm for calculating multiple film thickness parameters
and optical constants.

First, considering the diversity of the parameters to be fit-
ted, the SADE algorithm is used to solve the overdetermined
equations.

Second, the simulation results are compared with NIST
calibration results. The relative errors of the two samples
are <1%. This result indicates that the SADE algorithm
is convenient for calculations and has high accuracy in
characterizing isotropic nanofilms.

Third, this paper uses the adaptive differential evolution
algorithm to solve the model. Through experiments, com-
pared with the traditional algorithm and the existing method,
it has a smaller error value in the calculation of the data
collected by Muller ellipsometer.

Fourth, in repeated experiments, we find that other meta
heuristic algorithms can achieve smaller relative error, which
we think is because the random algorithm finds a more
suitable initial value. However, the calculation results of
MBO and EHO are not stable and can not adapt to long-term
engineering application. Moreover, Sade has shorter comput-
ing time and is more suitable for poor hardware conditions.

Finally, in this paper, the accuracy of iteration depends
greatly on the selection of initial value. In order to select
appropriate initial value, the initial value of iteration should
be set according to historical experience when detecting
conventional samples to be tested, while rough measurement
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should be carried out first to get the approximate range of
parameter value when detecting unconventional samples to
be tested.
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