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Abstract: With the rapid development of modern science and technology, the application of infrared
(IR) optical thin films is increasingly widespread, including in aerospace, autonomous driving,
military development, and the fight against Coronavirus Disease 2019 (COVID-19), in which thin
film devices play an important role. Similarly, with the improvement of user requirements, the
precision requirements for the preparation of optical films are also developing and improving. In this
paper, the IR optical thickness monitoring system is studied with the noble algorithm introducing the
phase-locked amplifier current and single film reflectivity coefficient. An optical control system is
developed to monitor the IR thin film accurately, which aids the IR narrow-band filter film research.

Keywords: infrared optical; monitor; narrow-band filter film

1. Introduction

Optical films form the basis of optical components. No matter whether the films are
used in lenses, windows, or in special fields such as medical and military, the monitoring
accuracy of film thickness is very high. The optical thickness of the film is an important
parameter that directly affects the optical properties of the film [1]. The optical monitor
system is the part that monitors the optical thickness of the thin film in the vacuum
coating machine. Unlike the crystal control system, it does not simply monitor the physical
thickness; rather, it determines the extreme point based on the product of the refractive
index and the physical thickness, thereby controlling the film thickness. This method can
effectively reduce refractive index change due to the influence of temperature, vacuum
degree, evaporation rate, and other factors during the evaporation process, making the
monitoring accuracy more precise [2].

Modern optical systems have become increasingly complex with harsh application
conditions, such as 193 nm lithography. At this wavelength, the materials used are usually
5i0, and CaF,, with refractive indexes of approximately 1.56 and 1.50, respectively. The
refractive index is relatively small. To achieve a small scribed linewidth, if a single spherical
surface is used, the number of lenses will reach about 30, and even if an aspherical surface is
used, about 15 lenses are required [3]. With so many lenses, if they are not coated, according
to the Fresnel formula, if the loss of each surface is about 4%, the transmittance of the whole
system will be very small, and the light energy will be lost. For the infrared system, due to
the large refractive index of the material used, the reflectivity of one side will be large, at
more than 10% (the refractive index of the material is great). For a system with only two
lenses in the infrared part, the transmittance is approximately 60%. Therefore, modern
optical systems must be coated, and each surface must be coated with antireflective film
for refractive systems. At the same time, another function of coating the system with the
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antireflection film is to reduce the stray light in the system. These stray lights usually form
ghost images and affect the system’s final output. If an antireflection film is plated on all
sides, a high-quality image will be formed on the image surface. If an antireflection film
is not plated on the first and third sides, it will form multiple reflections. Finally, a ghost
image will be formed in front of the set image, affecting the system’s performance [4,5].

The requirements for optical films have improved, including the increase in the number
of films and the improvement of film accuracy. For example, the bandwidth of a narrow-
band filter used in optical communication is usually less than 1 nm, and dozens of thin
films must be plated. In addition, some band-pass or band-stop optical films with high
requirements require only a few nanometers from the pass band to stop band or from the
stop band to pass band. At this time, if all the plated optical films adopt a regular film
system, multiple layers are required [6]. When plating multilayer films, the crystal control
method will result in a jump in the crystal vibration frequency with the increase of the
number of layers. This is easily affected by the heat accumulation effect and radiation. In
the case of a multilayer coating, if the single film has a small error, the entire film system
will fail when a crystal oscillator is used for monitoring. However, when the optical monitor
method is used, if the monolayer error occurs, the coating layer can be compensated by
coating other layers, which is the main advantage of optical monitoring. In contrast, the
optical monitoring monitors the optical thickness of the optical film, while the crystal
control monitors the physical thickness of the film, so the optical monitoring is considered
to be more direct [7].

Regarding the research and development of optical control systems in the visible light
and near-infrared bands, some PVD (physical vapor deposition) device companies can
create these systems very effectively, such as Leybold Vacuum in Europe, Shincron and
Optorun in Japan, and Jiasen Optoelectronics in China. As for the research and development
of optical control systems in the mid-infrared band, only one company from Japan, Optorun,
has relatively stable products [8]. In particular, regarding the important role of infrared
film in the military, it is urgent to develop a research and development IR optical monitor
system. In this paper, a detailed description and analysis is presented from the hardware
construction, data acquisition, and signal processing in the early stage to the filtering
algorithm and the judgment and stop algorithm in the later stage. Through systematic
research, a high-precision wide-spectrum infrared optical film thickness monitoring system
was fabricated and installed on a vacuum coating machine produced by Shanghai Mifeng
Optoelectronics, and a series of infrared narrow-band filters were prepared [9].

2. Experiment

Figure 1 is the structural block diagram of the IR optical monitor system. It is divided
into two parts: the hardware system and software system. In terms of hardware, the
blackbody radiation light source (from Thorlabs) is selected as the light-emitting device of
the optical monitor system. Sapphire (from Edmund) is an important device for optical
fiber conduction. Sr540 (from Stanford) is a chopper device that converts a DC optical
signal into an AC optical signal. An IR grating monochromator is used to intercept the
monochromatic light required for monitoring. Indium arsenide photodetector (from Zolix)
is a detector that can detect a wide band of 3 to 5 microns. The transimpedance amplifier
is also an indispensable part of the optical system. NI LabVIEW (20.0) launched by the
Ni company was chosen as the programming language for software development [10]. In
this system, the stability of the detector has a great impact. Therefore, the temperature
controller is introduced to ensure the temperature stability of InGaAs. The specific contents
are as follows:
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Figure 1. (a). Structure block diagram of infrared optical monitor control system hardware. (b). Struc-

(b)

ture block diagram of infrared optical monitor control system software.
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2.1. Construction of the Hardware Part

The hardware part’s construction is shown in Figure 2. The IR optical film thick-
ness monitoring system comprises a light source, chopper, monochromator, IR detector,
transimpedance amplifier, and lock-in amplifier. The black-body radiation source emits a
beam of light from the light projector, which passes through the chopper and enters the
monochromator. The monochromator filters the light into light of a single wavelength,
and the infrared detector converts the light signal into an electrical signal and a current
signal at the exit end. After the transimpedance amplifier becomes a voltage signal, it is
finally amplified and converted into a digital signal by a lock-in amplifier and sent to the
PC terminal.

R Nl
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o

il 00 a O

Figure 2. Schematic diagram of the hardware structure of the infrared optical monitor system.

2.2. Construction of the Software Part

The software portion is presented as a block diagram. After detecting that the commu-
nication is normal, the parameter setting of the monochromator is executed; if there is any
abnormality, an offline abnormal report is sent immediately. Then, the successful detection
signal is transmitted; if it fails, it will be sent again until it is completed. Then, the data
reception of each layer process file is carried out, and the film layer begins signal reception,
which is carried out after the data reception is completed; the signal acquisition is started,
the lock-in amplifier range is judged, and the signal is filtered. Regarding curve fitting and
extreme value judgment, a single-layer film stop signal is sent after reaching the target film
thickness, and it is judged whether to carry out the next layer. If there is another layer, the
cycle is entered starting from the process file reception; if there is no next layer, a coating
end signal is sent, and finally the coating work ends.

2.3. Savitsky—Golay Smoothing Filter

After the PC end receives the digital signal, it must first perform noise processing. This
paper comprehensively compares the mean filtering method, Butterworth filtering method,
and low-pass filtering method, and we finally choose the Savitsky—Golay filtering method,
which avoids the defects of other methods such as signal distortion and high-frequency
signal loss [11,12].

Savitsky-Golay filtering is a combination of neighborhood smoothing filtering and
least squares. It performs quadratic or multiple fitting on nj + ng + 1 points, and then takes
gi as the multiline or the value at position i. For example, the fitted polynomial degree is M,

and the fitted modelisag +a; +... ... + aM™; there are n; + ng + 1 numbers in it, and the
valueis fyy, ... ... fnr. The coefficient a is obtained according to the least-squares method:
a=(AT-A)(AT-f) M
4 T
C, = A -A " 2
o= Lty n @

where 0 m represents the 0 th row and mth column of the matrix. Figure 3 shows the block
diagram of the Savitsky-Golay filtering method implemented by LabVIEW [13]. When
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using the conventional photoelectrode value method, the ratio of the extreme point and
the stopping point is usually used to judge the stop of the film after passing the extreme
point [14]. In this paper, according to the substitution of the energy reflectivity formula,
the extreme point is reversely fitted through the change of the real-time theoretical curve.
The position of the extreme point is judged in advance so that the thin layer, originally less
than one-quarter of the optical thickness, can be accurately judged, which greatly improves
the accuracy of the thin layer in the film system and also reduces the sensitivity of the film
layer to a minimum, making the spectrum of the prepared infrared film more consistent
with the designed spectrum.
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Figure 3. Implementation of Savitsky—Golay filtering algorithm in Labview.

2.4. Photoelectrode Value Method

According to the theory of wave optics, a light wave is an electromagnetic shear wave.
The relationship between the electromagnetic field intensity of a light wave at any position
in space and the medium’s performance is established through the Maxwell equation and
material equation.

In a medium, the electric field and magnetic field intensity of a light wave can be
expressed as

E=E exp{i(wt - 2;10-7)} ©)]

Substituting V x E = — %—’f into Maxwell’s equations and using B = yH in the material
equation, the relationship between H and E can be obtained:

Hzi&thﬁszwﬁm%xE) @)

7

In addition, intermediate variables are introduced:

Y = Ny/o/e = Nyp ®)
where Y is called the optical admittance of the medium, yo =1/377S, u =~ 1. So,
H=Y(lp X E) (6)

The physical meaning and constraints of the formula are as follows:
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(1) Eis the electric field intensity vector, H is the magnetic field intensity vector, B is the
magnetic induction intensity vector, w is the angular frequency of the plane wave,
A is the wavelength of the electromagnetic wave, r is the coordinate vector, N is the
complex refractive index, and [ is the extinction coefficient;

(2) E. H,and Iy are perpendicular to each other and conform to the right-handed law—the
light wave is an electromagnetic shear wave;

(3) Y = H/E—the ratio of the magnetic field strength to the electric field strength of the
electromagnetic wave propagating along the K direction in the medium is equal to
the optical admittance of the medium [12,15].

According to the theory of wave optics, the amplitude reflection factor and transmis-
sion factor of the electromagnetic wave reflected and transmitted at the interface formed by
two media are £ £

r t
= —,t=— 7
"= E E; @)

The following hold according to the boundary condition relationship [16] of an elec-

tromagnetic field in electrodynamics theory.

(1) When the electromagnetic wave is vertically incident on an interface, there is

Ei+Er:Et/Hi+Hr:Ht (8)

and
H; = Yy(ko x E;), Hr = Yo(—ko % Ey), Hr = Y1(ko x Et) )

SO,
Ei+ E, = E;, YoE; + YoE, = Y1E; (10)

r:B:YO—leNO—Nl (11)
E; Yo+ Y1 Ny + Ny

f— @ _ 2Yy _ 2Ny (12)
Ej Yo+ Y1 Ny + Ny

(2) When the electromagnetic wave is obliquely incident on an interface, for a TE wave
and s-polarized wave, ¢ is parallel to the interface, so

E; 4+ E, = Et, H; cos 6y + H, cos 8y = H; cos 64 (13)
YoE; cos 6y — YoE, cos 6y = Y7 E; cos 61 (14)
So,

E Y, 0y — Y 0
o= b 0 cos b 1 cos 01 (15)

E;  YpcosBy+ Yqcosbtq

E 2Y, 6

t = t 0 COSbp (16)

E - Yo cos 6y + Y1 cos 01

For a TM wave and p-polarized wave incident, / is parallel to the interface, so

H;+ H, = E;, E; cos by + E, cos 6y = E; cos 64 (17)
YoE; — YoE, = Y1E; (18)
So,
. _E_chosﬂl—choseo (19)
P E;  Yycos6; + Y cos by
E 2Y 6
tp _ bt 0 COS b (20)

E; - Yy cos 01 + Y7 cos 6y

If the ratio of the tangential component of the magnetic field intensity and the tangen-
tial component of the electric field intensity when the electromagnetic wave is obliquely
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incident on an interface are regarded as the effective optical admittance when the electro-
magnetic wave is obliquely incident, there are two different effective optical admittances
for the s-polarized wave incident and p-polarized wave incident:

Ys =H/E =Ycost = yoN cosf (21)

Yp=H/E=Y/cos =yoN/cosb (22)
Substituting Equations (21) and (22) into Equations (11), (12), (15) and (16),

_ Ypcostlh —Yicos0;  Yos —Yis  Npcos6y — Ny cos bt

- = = 2
s YopcosOp+ YicosB;  Yos+ Yis  Npcosby+ Njpcos b, (23)
b 2Yy cos 6y  2Yps 2Ny cos 0 (24)
* 7 Yycosfy+ Yicosh  Yos+ Yis  NpcosBy+ Njcosby
S Ypcos0; —Yicosy  Yop —Yip _ Npcos6i — Njcosth (25)
P YycosO + Yicosfy  Yop+ Yip  Ngcosb; + Njcos b
- ZYO cos 90 o 2Y0p . 2N0 cos 90 (26)
P Yycos6; + Yicos@y  Yop + Yip  Npcos®; + Njcosby
For the convenience of calculation, the modified admittance is introduced:
s = N cos 0 (27)
#p = N/ cos (28)
Then, the Fresnel formula can be simplified to
r=T0 M (29)
o +m
_ g (30)
Mo + 11

Equations (29) and (30) are used to calculate rs and t;, where the # in the formula
should be carried into g, K = 1. Then, rp and tp can be calculated. When p, the 7 in the
formula should be carried into #p, K = cosfy/ cos 6;. According to the theory of wave
optics [17], the energy reflectivity and transmittance of the interface formed by the two
media to the light wave are

2
R — & _ |ET"2 =| |2: Mo —Mm @31)
i |El| Mo +m
, 2
po lt_ Nicoséy [E["_ms2  4om )

I;  Nocosby [E/|>  Tos
T+R+A=1

o+ ml?

where a is the energy absorption rate for an all-dielectric film system without absorption,
T+R=1

Therefore, the corresponding optical admittance can be obtained as long as the two
media’s refractive index and light incidence angle are known. The reflectivity and refractive
index of a single interface can be calculated using Equations (31) and (32) [15,18]. In many
calculation methods of optical properties of thin films, the idea of an equivalent interface
is the same. A multi-interface thin film system can be regarded as a single interface.
The equivalent interface is regarded as the incident mediu“”? m and the equivalent
medium [19-21]. The refractive index of the incident medium is still Ny. The optical
admittance of the equivalent medium is 0. Therefore, the reflectivity of the thin film system
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is the reflectivity of the equivalent interface, and the reflectivity calculation formula of the
equivalent interface is

(33)

mo—Y ’2
o+Y

The corresponding equivalent optical admittance can be used to calculate the reflectiv-
ity of any complex thin film system to its equivalent interface. The premise is to establish
the relationship between the equivalent optical admittance and the thin film system [22,23].

Firstly, the quantitative relationship between the equivalent optical admittance y of
the single-layer dielectric film and substrate and the dielectric film and base structure
parameters is found [24]. As shown in Figure 4, the schematic diagram of the equivalent
interface is analyzed as follows.

\Eg Ey Eg Ey

/ 1 N/
N
A ¢ T N v
+ —

a| \Ef E;/4 “il 2 \

v E1+?¢ le Z
\ :

Figure 4. Schematic diagram of the equivalent interface.

2

For both sides of the equivalent interface, the equivalent optical admittance y shall meet
Hy = Y (ko x E) (34)

where kg is the unit wave vector perpendicular to the interface and in the same direction as
the incident light [21]. According to the boundary condition h of the electromagnetic field
H} = Hy, E}, = Ey,

H = Y(ko X Eo) (35)

That is, through the boundary conditions of the electromagnetic field, the equivalent
optical admittance y is compared with the intensity E of the electromagnetic field in the
incident medium Ey, and Hj has established contact. The physical meaning of the four
quantities in the formula H = Y (ko x Ep) is as follows: in the same medium with optical
admittance y, at any time, the same light wave k¢ corresponds to the electric field intensity
vector E and magnetic field intensity vector H. Therefore, there is a relationship between
the electromagnetic field intensity vectors of light waves propagating in any medium. For
example, there is a relationship between the electromagnetic field intensity vectors of light
waves propagating in the incident medium [25],

HS_ = 770(k0 X Ea_)’HO_ = ﬂo(—ko X EO_) (36)

The boundary formula of the electromagnetic field is H} = Hy, E}, = Ey. The electric
field intensity vector E and magnetic field intensity vector / in 0 are not only the vector
sum of all-electric field intensities and all magnetic field intensities at the same point and
at the same time on both sides of the interface, but also the tangential component of the
vector sum. In the actual single-layer dielectric film system, the boundary conditions of
the electromagnetic field can also be used to convert N7, di, Np and the intensity E of
the electromagnetic field in the incident medium Ey and Hj, as well as establishing the
equivalent optical admittance y and the structural parameters of the dielectric film and
substrate N1 , d1, N, which show the quantitative relationship between them. Specifically,
the electromagnetic fields on both sides of the same interface are connected using the
electromagnetic field boundary condition formula. The phase difference associated with
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electromagnetic field propagation is used to connect the fields at different positions in the
same medium [26,27]. In interface 1, there are

Eo=Ej +E; = Ef{+E; (37)
ko x Eg = ko x Ef; + ko x E (38)
Hy = Hy +H, = H{; + Hy; (39)
Ho = (ko % Ef; —ko x E77) (40)

On the inner side of interfaces 1 and 2, the relationship between the complex amplitude
intensity of two-point electromagnetic fields with different ordinates and the same abscissa
is completely governed by the phase difference introduced by their spatial distance:

: : 2
Ej, = Efie ™™ Ep = Eqe 1,6y = Tﬂz\rld1 cos 0y (41)
ko x Eg = (ko x Ef5)e® + (ko x Epy)e™ 1 (42)
Hy = (ko X Ei"_z)ﬂlei(sl + (ko X El_z)ﬂle_i(sl (43)

Written in matrix form,

i61 —idy +
k() X EO _ e 5 e s (ko X E1_2 (44)
Hy met  —me 1] | (ko X Epy
In interface 2,
Ef5 +Ejy = Ea, Efy X ko 4+ ko x Ey = ko x E; (45)
H{, + Hy, = Hy, 1 (Ef; X ko — ko X Ep,) = Hp (46)
1 1

ko x Ef, = = (kg x E —H 47
0 x Ejy = 5 (ko x 2)+2171 2 (47)
kxE_*l(k x Ep) 1H (48)

0 127 5 0 2 2171 2

Written in matrix form,
ko X EE o
k() X El_Z o

Equation (49) can be substituted into (44) to obtain

[kg X E0:| _ |: eib.‘l_ eiié]‘ :| % ﬁ ] |:k0 X E2:| _ cos 1 %Sin(sl |:k0 X Ez] (50)
Hy mer  —me | |1 —ﬁ_ H; inysind;  cosd; Hy

ST ST

1
2 [ko X Ez} (49)
—2371] t

Combining Formula (35) and H, = 772(ko x E;), Equation (50) can be simplified as

(1 cosd;  Lsind; [1}
ko % E = n ko x E 51
(ko x Eo) _Y} ig1sindy  coséy | |2 (ko x E) 1)
- l .
B} ~| co§ &1 77 sin &1 [ 1 } (52)
1C in1sind;  cosdy | |12

So
(ko x Eo) [H - m (ko x E2) (53)
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The result is
Y=C/B (54)

where 47 is called the effective phase thickness of the film and Njd; cos 6 represents the
effective optical thickness of the film.
Equation (54) can be replaced with Equation (33) to obtain the reflectivity calculation
formula of the single-layer dielectric film:
2 .
B — C|> (70— 112)* cos? &1 + (2 — 1) sin” &,
noB+C

= (55)

WO—Y‘Z_
n+Y o

- 2 .
(110 + 12)* cos? &y + (2 4 1y,)” sin? &,

After processing by the filtering algorithm, we use the photoelectrode value method to
judge and stop the extreme point of the film thickness. The extremum method of monitoring
is optical monitoring, which is based on using the beam interference theory to obtain the
reflectivity or transmittance curve to monitor the optical film. Since the collected data are an
array of the current value and time output by the phase-locked amplifier, it is necessary to
introduce a coefficient of current and reflectivity. At the same time, the measured material
of the optical control sheet is glass, and the measured reflectivity needs to pass through
the positive and negative surfaces of the glass. Therefore, the measured reflectivity also
includes the reflectivity of the glass on both sides. Add % to the formula to obtain the
final fitting formula, as follows:

(np —1)? N (1—1n3)?cos? (x +d) + (% - 1)2 sin? (x 4 d) )

(n2+1) (1+n3)? cos? (x +d) + (%+1)2 sin? (x +d)

The conventional monitoring methods are fitted by the least square method in polyno-
mial fitting. In this paper, the data can be fitted by formula fitting according to the deduced
formula. This also allows us to interpret the physical meaning of data and improves the
accuracy of fitting data, which is a major breakthrough in the research and development of
optical control systems [28].

2.5. Design and Fabrication of IR Narrowband Filters

After a series of simulations were completed, a furnace of an IR narrow-band filter
film was evaporated on the vacuum coating machine installed with the IR optical monitor
system. First, an IR narrow-band filter film was designed using the film system design
software OptiLayer. After many times of film system optimization, the design curve
shown in Figure 5 was obtained. Ge and SiO choose two commonly used IR materials for
evaporation. Ge was evaporated using a single-point crucible electron gun, and SiO was
plated by resistance evaporation. Ion beam-assisted deposition was used throughout.
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Figure 5. Comparison of design curve and test curve based on the Noble IR optical monitor.

3. Test and Analysis

There are many methods to control film thickness, of which the quartz crystal vibration
method and optical thickness control method are the most commonly used. However, for
thick infrared optical films, the control effect of the quartz crystal vibration method is poor.
The principle is based on the change of vibration frequency caused by the piezoelectric
effect of quartz. However, with the increase of film thickness, the variation of vibration
frequency with film thickness is no longer linear, resulting in thickness error. Another
conventional optical thickness control method is limited to the selection of an infrared light
source and the transmission of an optical waveguide. It can only select the near-infrared
band control and use the frequency doubling method for indirect operation. On comparing
the test curves and design curves of three different control methods, the advantages of the
noble control system are clarified.

3.1. Spectral Test

Figure 6 shows the comparison between the test curve and the design curve obtained
by evaporation by the crystal control method and ordinary optical control method. As
shown in Figure 5, T is the design curve of the IR narrow band filter, and T1 is the test curve.
The actual spectrum of the IR narrow-band filter film prepared by IR optical monitoring
control described in this paper is basically consistent with the test spectrum. The control
accuracy is much higher than that of the crystal oscillator control method and traditional
optical control method. Through data analysis and judgment, the monitoring accuracy can
reach 0.005%.
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3.2. SEM Test

The infrared scanning electron microscope is shown in Figure 7. It can be seen from
the figure that the infrared multilayer film evaporated by the optical control system has
clear layers and clear boundaries between materials. The physical thickness of the film can
be accurately obtained by measuring the cross-section SEM spectrum, and the deviation
between the actual thickness and the design thickness is only about 0.5%.

LI D B R A I O e |
Regulus 5.0kV 7.2mm % 70.0k SE(U) 09 1.00 pm

Figure 7. Multilayer thin-film SEM spectroscopy.

4. Conclusions

In this paper, the expression of the reflectivity of the single-layer film is derived
through the principle of optical admittance and the Fresnel formula. According to the
signal conversion of the measuring equipment, a new physical quantity is added, and a new
fitting formula for the optical control system is obtained. At the same time, the hardware
part of the optical control system and the software part of the program are completed, and
an optical film thickness monitoring system covering the mid IR band is prepared. On the
other hand, the IR narrow-band filter is prepared using the system. The sample meets the
requirements of optical parameters and greatly improves the control accuracy. The research
and development of the system are of great significance in promoting the development of
the military industry and aerospace industries. The research will be further improved to
change the scope and accuracy of spectral monitoring in future research.
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Abbreviations

List of symbols

E Electric field intensity vector

H Magnetic field intensity vector

B Magnetic induction intensity vector
w Angular frequency of plane wave

A Wavelength of electromagnetic wave
r Coordinate vector

N Complex refractive index

k Extinction coefficient
Abbreviations

IR Infrared

COVID-19 Coronavirus Disease 2019

PVD Physical vapor deposition
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