E coatings

Article

Development of Resonant Cavity Film for 575 nm
All-Solid-State Laser System

Han Zhu ¥, Yawu Xin **, Yunru Chen '*, Shihui Ma !, Yuxia Zhang 2 Yongchao Peng 1 Yixin Lin 1,
Shifu Xiong 1* and Zhanggui Hu !

check for
updates

Citation: Zhu, H.; Xin, Y.; Chen, Y.;
Ma, S.; Zhang, Y.; Peng, Y.; Lin, Y.;
Xiong, S.; Hu, Z. Development of
Resonant Cavity Film for 575 nm
All-Solid-State Laser System. Coatings
2023, 13,1278. https://doi.org/
10.3390/ coatings13071278

Academic Editor: Amin Bahrami

Received: 28 June 2023
Revised: 17 July 2023

Accepted: 19 July 2023
Published: 21 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Tianjin Key Laboratory of Functional Crystal Materials, Institute of Functional Crystals, Tianjin University
of Technology, Tianjin 300384, China; zh_optics@stud.tjut.edu.cn (H.Z.); xyw_optics@stud.tjut.edu.cn (Y.X.);
wins_echo@163.com (Y.C.); shihuima@email.tjut.edu.cn (5.M.); pycoptical@stud.tjut.edu.cn (Y.P);
linyixin@stud.tjut.edu.cn (Y.L.); hu@mail.ipc.ac.cn (Z.H.)

College of Physics, Qingdao University, Qingdao 266071, China; yuxiazhang@qdu.edu.cn

*  Correspondence: xsf_optics@email.tjut.edu.cn

These authors contributed equally to this work.

Abstract: Yellow lasers have attracted much attention due to their applications in biomedicine,
astronomy and spectroscopy, and the resonant cavity is an important part of lasers. In this work, the
resonant cavity film was studied and prepared using physical vapor deposition (PVD) technology
to couple and match the optical properties of Dy, Tb:LuLiF, crystal to generate yellow laser. In the
process of film deposition, the substrate temperature has an important influence on the quality
of the film. Therefore, we first investigated the effect of HfO, film quality at different substrate
temperatures. Furthermore, the multilayer film was designed to couple and match the optical
properties of Dy, Tb:LuLiF, crystal. According to the designed film system scheme, HfO, and UV-
SiO, were used as high- and low-refractive index film materials for resonant cavity film preparation
using the PVD technique, and the effect of process parameters on the film quality was investigated.
A 450 nm pump laser was used to directly pump Dy3* to excite and generate the yellow laser. In
this process, the excited radiation jump occurs in the crystal, and the generated laser in the new
band reaches a certain threshold after oscillation and gain in the resonant cavity, thus successfully
outputting a 575 nm yellow laser.

Keywords: yellow laser; resonate cavity film; physical vapor deposition; optical monitoring

1. Introduction

Yellow laser belongs to the category of visible light sources and has important applica-
tions in biomedicine, astronomy, spectroscopy and imaging [1]. An all-solid-state laser is an
important method of generating lasers directly or indirectly. At present, the lasers capable
of outputting yellow light can be divided into semiconductor lasers, sum frequency lasers,
frequency doubling lasers, optical parametric oscillators and Raman lasers [2]. Yellow
lasers have been widely researched and applied in recent years.

In 2012, Zhichao Wang et al. used the intracavity frequency doubling characteristics of
Nd:YAG laser to output a 561 nm yellow laser with a maximum output power of 60.3 W [3].
In 2016, Jianming Yang et al. applied Nd:YAG and Yb:YAG crystals to generate 1319 nm
and 1030 nm fundamental waves, respectively. Meanwhile, they achieved intracavity
sum frequency in an LiB3Os5(LBO) crystal and outputted a 578 nm yellow laser with a
maximum output power of 37.5 mW [4]. In 2020, Chen Y.F et al. developed a diode-
pumped Nd:YVO,/KGW Raman yellow laser, which produced a 579.5 nm yellow laser at
6.8 W at an incident pump power of 30 W [5]. In 2020, Bing Sun et al. reported a 588 nm
yellow laser with an output power of 13.7 W using intracavity frequency doubling of
Nd:YVO,4 Raman laser [6]. In 2021, Heng Tu et al. realized the output of 572.5 nm yellow
laser with an average output power of 9.2 W by using a diamond Raman laser and 532 nm
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green laser as pumping source [7]. In 2021, Lee et al. coated a high-reflection film on
a Nd:YVOy self-Raman laser to improve beam quality and reduce laser threshold, and
achieved 6.54 W and 5.12 W output power at 559 and 588 nm [8]. As can be seen, there has
been a great deal of research on various types of lasers and ways of generating lasers in the
yellow range. In addition, in the process of generating yellow lasers in each of these bands,
optical thin films play a crucial role in the generation, conversion and transmission of lasers.
The resonant cavity design of a crystal can be used to modulate the spectral characteristics
of an optical system and is an indispensable element in a laser system.

Nowadays, researchers have developed a variety of laser crystals in the yellow light
range of 570~620 nm in the field of all-solid-state lasers. In particular, Dy, Tb:LuLiFy, as a
Raman laser crystal that can emit yellow-orange lasers, has the special advantage of the
energy level structure transition of yellow light generated by dysprosium ions to obtain
yellow lasers directly, quickly and efficiently [9]. Therefore, plating a specific optical film on
the input mirror and output mirror of the resonant cavity is a hot topic for researchers. Based
on the optical properties of Dy, Tb:LuLiF, crystal, the film design of the input and output
mirrors of the resonant cavity is crucial for the yellow laser output. In this paper, we have
investigated and designed an optical film for coupling and matching Dy, Tb:LuLiF, crystals
to produce 575 nm yellow laser light. For this band of yellow laser, the technical parameters
are determined, and the optimal selection of process parameters, theoretical design of the
film system and film thickness monitoring scheme of the optical film are explored.

As is known, physical vapor deposition (PVD) is a technology in which thin-film
materials are converted from a solid phase to a gas phase and then deposited on the
substrate surface. The advantages of evaporation-based PVD techniques are higher purity
of the film and better control of the film thickness [10]. According to the requirement of
technical parameters, Dy, Tb:LuLiF, laser crystal is used as the gain medium in this work.
Firstly, the resonant cavity films were designed to couple and match the optical properties
of Dy, Tb:LuLiF; crystals. Then, according to the designed film system scheme, HfO, and
UV-5i0; were used as high- and low-refractive index film materials for resonant cavity film
preparation using physical vapor deposition technique and the effect of process parameters
on the film quality was investigated. The film thickness monitoring scheme combining
quartz crystal control and optical monitoring was used to complete the preparation of the
resonant cavity film. The prepared resonant cavity film was put into the optical system,
and the 575 nm yellow laser was successfully output by 450 nm laser excitation.

2. Experiments
2.1. Materials and Software

Hf (99.95%, JuBo Guneng Co., Ltd., Suzhou, China Thin Film Materials, UV-5iO,
(99.9997%, JuBo Guneng Co., Ltd., Suzhou, China) Thin Film Materials.

TFCalc(3.5.15, Software Spectra, Inc., Vermillion, SD, USA) software was used to design
the film system and analyze the sensitivity of each film layer. MCalc (V4.0.21, Leybold
Optics Co., Ltd., Beijing, China) software was used to calculate optical constants of the
films and design the optical control monitoring scheme.

2.2. Preparation of HfO,; Monolayer Film

The experiment was carried out in SYRUSpro 1110 vacuum coating machine. Before
starting the coating, the substrate material was wiped by used an ethanol ether mixture
with a volume ratio of 1:3. In this experiment, high-purity metal Hf particles were used as
the initial material, and high-purity oxygen was used as the reaction gas to prepare HfO,
thin films through reaction evaporation. The sputtering phenomenon existing during the
deposition of HfO, thin-film material was suppressed and the nodular defects in the film
layers were reduced [11], while stable evaporation of the thin-film material was achieved.

The substrate material for depositing HfO, monolayer film is BK7 glass with a diameter
of 30 mm and a thickness of 1 mm. The substrate temperature of film deposition was set
to 120 °C, 150 °C, 180 °C, 210 °C, and 240 °C, respectively, and the other parameters were
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consistent. The deposition process parameters of HfO, monolayer film are shown in Table 1.
The equipment used for the experiments has one process gas inlet at the electron gun (HPE)
and one at the ion source (APS). When oxygen is charged from different inlets, it will react
with hafnium in different forms. The oxygen charged from the electron gun is in the form
of oxygen molecules, while most of the oxygen charged from the ion source will be ionized
into oxygen ions by the collision of argon ions. In order to maintain a constant vacuum, the
oxygenation flow rate is set to 50 sccm.

Table 1. Deposition process parameters of HfO, thin films at different temperatures.

Vacuum Temperature Deposition Rate Flow Rate of O,-APS  Flow Rate of O,-HPE Physical
(mbar) “O (nm-s—1) (sccm) (sccm) Thickness (nm)
1.0 x 107 variable 0.25 15 35 500

2.3. Preparation of Resonant Cavity Film

A laser system consists of a pump light, gain medium, and resonant cavity. In this
experiment, the pump light was a 450 nm laser, the gain medium was a Dy, Tb:LuLiF,
crystal, the resonant cavity was composed of an input mirror and an output mirror, and the
schematic diagram of the laser system is shown in Figure 1. The component near the pump
light source is the input mirror of the resonant cavity, and the component away from the
pump light source is the output mirror of resonant cavity.

Resonant cavity film A Resonant cavity film B

/N

Pump laser

—

/ \ Dy, Th:LuLiF, \
1GS1 1GS1

Antireflective film Antireflective film

I Yellow laser

Figure 1. Schematic diagram of 575 nm all-solid-state laser system structure.

The substrate material of the input mirror and the output mirror is JGS1 fused silica
glass with a diameter of 30 mm and a thickness of 2 mm. The surface of the input mirror is
coated with resonate cavity film A and antireflective film, and the surface of the output
mirror is coated with resonate cavity film B and antireflective film. The technical parameters
of resonant cavity film A and resonant cavity film B are shown in Table 2.

Table 2. Technical parameters of resonant cavity film A and resonant cavity film B.

Parameter Resonant Cavity Film A Resonant Cavity Film B
Angle of incidence (°) 0
Transmission band (nm) 345~460 540~620
Transmittance (%) >98 =1
Cutoff band (nm) 540~620 345~460
Reflectivity (%) >99.5 >99.5

2.4. Characterization

The structure of the films was measured by an X-ray diffractometer (XRD, SmartLab,
Rigaku, Osaka, Japan). The transmittance of the HfO, films coated at different substrate tem-
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peratures was tested using an UV-Vis spectrophotometer (PE1050, Perkin Elmer, Waltham,
MA, USA). The surface shape of the substrates with deposited film was characterized by a
laser interferometer (G150, Shine Optics, Shanghai, China) with a light source wavelength
of 632.8 nm. The cross-sectional morphology of the films was measured by an ultra-high
resolution field-emission scanning electron microscope (FE-SEM, Verios 460L, FEI, Hillsbor-
ough, OR, USA). The spectrum of the output laser was measured using a high-resolution
spectrometer(Aurora 4000, Lyman Optoelectronics Instruments Co., Changchun, China).
The power magnitude of the output laser was measured using a laser power meter (Vega,
OPHIR, Jerusalem, Israel).

3. Results and Discussion
3.1. Studies of Monolayer HfO, Film

In the process of optical film preparation, substrate temperature, ion source bias,
background vacuum, oxygenation, and deposition rate are the key factors affecting the
film quality [12]. Among them, the substrate temperature affects the migration rate of the
film material molecules, thereby affecting the degree of bonding between the film and the
substrate [13]. Therefore, the effect of substrate temperature on the deposition of HfO,
monolayer film was investigated including the relationship between the crystallization,
refractive index, surface roughness, and substrate temperature.

The structure of the film was measured using an X-ray diffractometer of the SmartLab
model produced by Rigaku. The XRD results of HfO; films deposited at different tem-
peratures are shown in Figure 2. When the temperature is lower than 180 °C, no obvious
diffraction peak appears, indicating that the film is amorphous. As the temperature further
increases, the diffraction peaks intensity of the HfO, film gradually increase, indicating that
the film gradually changes from amorphous to crystalline, and the film exhibits a preferred
crystal orientation at the (020) diffraction peak with a diffraction angle of 34.6° and the
(—111) diffraction peak with a diffraction angle of 28.3°.

~——(011)
- (~111)
———a—i{020)

s

)

£

w

=

g

=
e 150°C
mom——_ . 120°C

10 20 30 40 50 60 70
20 (degree)

Figure 2. XRD patterns of HfO, thin films with different substrate temperatures.

The transmittance of HfO, films deposited at different substrate temperatures was
measured using a UV-visible spectrophotometer, as shown in Figure 3a. According to
the transmittance spectrum curve, the refractive index of the HfO, film was calculated by
MCalc software. The refractive index and packing density of HfO, films under different
substrate temperature are shown in Table S2. As shown in Figure 3b, the refractive index
of the film at 575 nm increases with the increase of temperature. When the temperature is
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higher than 210 °C, the refractive index does not change significantly, and the refractive
index at 575 nm is about 2.08.

100 2.20
a b
( ) ( ) —120°C
90 ‘
$ 5 2.15
- )
5 =
= 80 £
S o
= £ 2.10
E Sub 2
g 70r ——120°C &
= ——150°C &
ol ———180°C 2.05
—210°C
240°C
0 L 1 L 1 1 L 2.00
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
Wavelength (nm) Wavelength (nm)

Figure 3. (a) Transmittance and (b) refractive index curves of HfO, films at different substrate temperatures.

The surface shape of the substrate was measured by a laser interferometer. The
light source wavelength of the interferometer is 632.8 nm. Figure S1 shows the surface
shape test diagram of the coated BK7 substrate at different temperatures and the uncoated
BK7 substrate. According to the surface shape results, the root mean square (RMS) and
peak—valley difference (PV) of the surface roughness of HfO; films at different temperatures
were analyzed, and the results are shown in Figure 4. When the temperature increases
from 120 °C to 240 °C, the RMS value has a minimum value of 0.05514A at 180 °C and a
maximum value of 0.14948A at 240 °C. In general, the RMS values of HfO, films at different
substrate temperatures are small and the surface morphology is uniform.

0.175 1.4
—a— RMS
0.150 } —A—PV 112
n
{1.0
0.125}
S i 108 =
£ 0.100 -
< >
= {0.6 ~
0.075 }
><' s
| ] A§
0.050 | IPP
0.025 L— : - : .0
120 150 180 210 240

Temperature (°C)

Figure 4. RMS and PV values of the surface roughness of HfO, films at the substrate temperatures of
120 °C, 150 °C, 180 °C, 210 °C, and 240 °C.

When the temperature increases from 120 °C to 180 °C, the PV value decreases with
increasing temperature and with a minimum value of 0.24813A at 180 °C. This is due to
the increased migration of particles on the substrate surface with increasing temperature,
which increases the densities of the film and the bonding ability of the film to the substrate,
resulting in a smoother and less defective film surface [14]. In addition, the residual stress
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between the film and the substrate is low in this temperature range, which also results
in lower PV. However, when the temperature increases from 180 °C to 240 °C, the PV
increases with temperature, with a maximum value of 1.18894A at 240 °C. This is because
the continued increase in temperature leads to an increase in the bombardment of the
substrate by the film molecules, and some film molecules even enter the interior of the
substrate because of the rapid migration rate, which causes the surface structure of the film
to be inhomogeneous and the defects to increase [15]. In addition, the high temperature also
increases the residual stress between the film and the substrate and may lead to problems
such as localized peeling of the film on the substrate surface [16].

Considering the results of XRD, spectral and surface shape results, a substrate temper-
ature of 180 °C was used for coating in this paper, and the deposition process parameters
of the resonant cavity film are shown in Table 3.

Table 3. Deposition process parameters of HfO, and UV-S5iO;, materials.

Materials Vacuum  Temperature  Deposition Flow Rate of Flow Rate of Bias Discharge Discharge
(mbar) (@) Rate (nm-s—1) 0,-APS (sccm) O,-HPE (sccm)  Voltage (V) Current (mA)  Voltage (V)
HfO, 0.25 95 50 90

180 15 35

-5
uv-sio, 10x10 0.7 160 55 130

3.2. Theoretical Design of Resonant Cavity Film

Multilayers can be considered as a superposition of monolayers. Therefore, the
calculation of the electromagnetic field behavior of multilayers can be understood as the
whole set of film matrices being the product of its each monolayers [17].

E(Zo) _ E(Zm) N E(Zm)
< H(z) ) _Mle...Mm< H(zy) ) _M< H(zm) ) 1)

m m cos 5j %sin 5j
M=T]M = / @)
j=1 j=1\injsind;  cosJ;
27
5} = TN]d] Ccos 6] (3)

The multilayer interface of a multilayer membrane can be expressed as an equivalent
interface with the optical conductance Y of the membrane surface.

m cosd;  Lsind;
C 1\ in:sind: 5 UB
j=1\injsind;  cosd;
If the film layer system has absorption, the absorption rate can still be deduced from

Equation (4). Assuming that neither the incident dielectric nor the substrate has absorption,
the light intensity I of the light wave arriving at the k interface is

1 1
Ik = Re(Ey x Hi") = 5| E¢[*Re(Y;) (5)

* indicates conjugate complex numbers.
The actual intensity of the light waves entering the membrane system is

I= %Re(EO x Hy*) = %Re(BC*)\Ek\Z (6)
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The reflectivity of the film system is set as R, then the actual light intensity entering
the film system is equal to (1 — R)Iy, where Ij is the intensity of incident light. Next, we
compare these two equations to obtain

IRe(BC*)|Ex|?

I = 7
0 TR @)
I (1—R)Re(Ys)
T=—-="———=x—" 8
I~ Re(BCY) ®)
According to the law of conservation of energy it is then obtained that the absorption
rate A is Re(Y.)
el fs
A=1-R-T=(1-R)1—- —=—~
In addition, from the transmittance a of the monolayer
(0B + C)(10B + C)

The reflectance R and transmittance T of the membrane system can also be deduced

respectively as
(m0B +C)(110B +C)

_ 2noRe(Y)(B*C + BC*) 2 _ 4moRe(Ys) (12)
(0B +C)(noB+C)"  (B*C+BC*)  (10B + C)(130B + C)°

The theoretical film system design of resonant cavity film was carried out using TFCalc
film system design software. The resonant cavity film A requires high transmission in
the 345~460 nm band and high reflection in the 540~620 nm band. For this index, a short
wavelength pass can be used as the base film system, set as Sub | (0.5LHO0.5L)"S | Air, where
S is the number of repetition cycles of the film stack, Sub is JGS1 fused silica, H is HfO,
with an optical thickness of 1/4 reference wavelength, and L is UV-5i0, with an optical
thickness of 1/4 reference wavelength. The requirement of cutoff in the reflective region
is achieved by adjusting the number of repetition cycles S. When S > 25, a high cutoff
is obtained in the highly reflection region and a higher transparency is available in the
highly transmissive region. After that, with the increase of the repetition number, the cutoff
degree of the reflection region and the transparency of the transmittance region do not
change significantly. Under the condition of meeting the technical parameters, the number
of layers of the short wave pass film system should be as few as possible. The initial film
system is set as Sub | (0.5LHO0.5H)"25 | Air, the reference wavelength is 570 nm.

According to the technical parameters, the optimized continuous target was set in
TFCalc software. The final film system was Sub | 1.2160H 0.8903L 1.2012H- -1.2486L 0.7505H
0.6234L | Air, with a total of 50 layers and a physical thickness of about 4.217 pm. Each film
layer physical thickness of resonant cavity film A is shown in Table S3. The initial and the
theoretical transmittance spectral curve of the resonant cavity film A is shown in Figure 5.
It can be seen from the theoretical transmittance spectrum that the average transmittance of
345~460 nm band is 99.5328%, and the average reflectance of 540~620 nm band is 99.9368%,
which meets the requirements of technical parameters.

The resonant cavity film B requires high reflection in the 345~460 nm band, transmit-
tance T = 1% in the 540~620 nm band, and multiple high reflection film systems q((HL)"S
H) need to be introduced for superposition, where q is the film stack coefficient, and S is the
number of repetition cycles of the film stack. The film stack coefficient and the number of
cycles of the basic film system are determined according to the reflection bandwidth and ref-
erence wavelength of the film system. The initial film system was set as Sub | 0.75((HL)"10 H)
0.83L 0.91((HL)"12 H) 1.07L 1.23((HL)"8 H) | Air, with the reference wavelength of 470 nm.
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Figure 5. The initial transmittance curve and theoretical transmittance curve of the resonant cavity
film A.

According to the technical parameters, the optimization target was set, and the opti-
mized film system was Sub 10.7142H 0.6986L 0.7482H 0.8190L - - -1.5647L 1.7563H 1.0586L
1.3936H | Air, with a total of 71 layers and a physical thickness of about 4.826 pm. Each film
layer physical thickness of resonant cavity film B is shown in Table S4. The initial and the
theoretical transmittance spectral curve of the resonant cavity film B are shown in Figure 6.
It can be seen from the theoretical transmittance spectrum that the average reflectance of
the 345~460 nm band is 99.9106%, and the average transmittance of the 540~620 nm band
is 1.0174%, which meets the requirements of technical parameters.

100
H Initial
—— Theoretical
80
S
g 60
=]
8
g 40
=
<
S
[
20 F
0
300 400 500 600 700

Wavelength (nm)

Figure 6. The initial transmittance curve and theoretical transmittance curve of the resonant cavity
film B.

In order to ensure that the pump light is input with high transmittance and the yellow
laser is output with partial transmittance, a 330~650 nm antireflective film needs to be
coated on the input mirror and the output mirror. The design scheme of the antireflective
film was Sub 10.1558H 0.6749L 0.2223H 2.1507L 0.3158H 0.1299L 1.4884H 0.9055L | Air,
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with a total of 8 layers, a reference wavelength of 240 nm, and a physical thickness of
about 0.43 um. The development process of antireflective film is no longer described in
detail due to the relatively simple design of antireflective film and a few numbers of layers.
The theoretical and measured transmittance curves of the antireflective film are shown in
Figure S2. The theoretical average transmittance of film was 99.5080% in the 330~650 nm
band, and the measured average transmittance was 95.76%. Since the exit medium of the
film was air during the process of transmittance testing, there was a partial loss of the
tested transmittance.

The film systems of the resonant cavity film A, resonant cavity film B, and the antire-
flective film were imported into the TFCalc software, and the theoretical transmittance
curves of the input mirror and the output mirror were obtained as shown in Figure 7. The
average transmittance of the input mirror was 99.6246% in the 345~460 nm band and the
average reflectance was 99.9369% in the 540~620 nm band. The average reflectance of the
output mirror was 99.9378% in the 345~460 nm band and the average transmittance was
1.0378% in the 540~620 nm band.

Input

100
* —— Output

80

60

40

Transmittance (%)

20

0 1
300 400 500 600 700

Wavelength (nm)
Figure 7. Theoretical transmittance curves of input mirror and output mirror.

3.3. Analysis of Quartz Crystal and Optical Control Solutions

Current methods of film thickness monitoring include quartz crystal monitoring and
optical monitoring [18]. Quartz crystal monitoring can provide the deposition rate of
the film layer. However, as the thickness of the film layer increases, the accuracy of the
quartz crystal oscillation frequency decreases and the error increases. Especially for highly
sensitive film layers, a small error may have a serious impact. Therefore, timely switching
of the crystal control chip is required [19]. The optical monitoring method measures the
optical thickness of the film and has a compensation mechanism for the film thickness error.
However, it is difficult to monitor the deposition rate of the film [20]. Therefore, in order to
overcome the drawbacks of each of the quartz crystal control and optical control methods,
a film thickness monitoring method that combines the crystal control and optical control
methods was used to monitor the film thickness of the resonant cavity film in this work [21].

The first-order film layer sensitivity and second-order film layer sensitivity of the
resonant cavity film A are shown in Figure 8a,b. The crystal switching position is set
according to the film layer thickness and film layer sensitivity. When preparing resonant
cavity film A, six quartz crystal control chips were used to monitor 1~6, 7~15, 16~23, 24~30,
31~38, and 39~50 layers, respectively. The quartz crystal control chip monitoring scheme of
the resonant cavity film A is shown in Figure 9a.
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Figure 8. (a) First-order and (b) second-order layer sensitivity distribution diagram of the resonant
cavity film A; (c) First-order and (d) second-order layer sensitivity distribution diagram of the
resonant cavity film B.
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Figure 9. The quartz crystal control chip monitoring scheme of (a) the resonant cavity film A and
(b) the resonant cavity film B.
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The first-order film layer sensitivity and second-order film layer sensitivity of the
resonant cavity film B are shown in Figure 8c,d. For resonant cavity film B, six quartz crystal
control chips were used to monitor 1~14, 15~30, 31~42, 43~52, 53~64, and 65~71 layers,
respectively. The quartz crystal control chip monitoring scheme of the resonant cavity film
B is shown in Figure 9b.

The design was imported into the MCalc software, and the number of optical control
pieces, monitoring wavelength, and other parameters were optimized to determine the
optimum monitoring scheme. The number of optical controllers should be as few as possible
for the premise of meeting the monitoring requirements to reduce the accumulation of
residual errors caused by switching optical controllers during the film deposition process.

Figure 10 shows the variation curves of transmitted light signal intensity with thickness
for film layers A and B. It can be observed that the alternating points of HfO, film (blue
curve) and SiO; film (green curve) are located in the non-extreme values of the optical
signal variation curves. At this point, the optical signal is sensitive to changes in the
thickness of the film layer, and it is easy to accurately control the thickness of the film layer.
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Figure 10. Optical monitoring design of resonant cavity film A (a) 1%, (b) 2, and (c) 3*. Optical
monitoring design of resonant cavity film B (d) 1%, (e) 2%, and (f) 3%.

Combined with the sensitivity analysis of the resonant cavity film A, when the number
of optical control pieces was lower than 3, it was impossible to find a monitoring scheme
where the error of each layer can be controlled at 1%. Therefore, the number of optical
control pieces in the monitoring scheme was determined to be 3. The 1¥ optical control chip
monitored the 1st to 14th layers, 2% optical control chip monitored the 15th to 26th layers,
and 3" optical control chip monitored the 27th to 50th layers. The monitoring wavelengths
of the optical control chips were 435 nm, 443 nm, and 486 nm, respectively. The optical
signal changing with thickness is shown in Figure 10a—c.
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Similarly, combined with the sensitivity analysis of the resonant cavity film B, the
number of optical control pieces in the monitoring scheme was determined to be 3. The
1# optical control chip monitored the 1st to 20th layers, 2* optical control chip monitored
the 21st to 44th layers, and 3" optical control chip monitored the 45th to 71st layers. The
monitoring wavelengths of the optical control chips were 438 nm, 490 nm, and 436 nm,
respectively. The optical signal changing with thickness is shown in Figure 10d—f.

3.4. Test and Analysis of Resonate Cavity Film

The cross-sectional morphology of resonant cavity film A and film B was tested by
ultra-high-resolution field-emission scanning electron microscopy (SEM). The SEM results
are shown in Figure 11. It can be observed that both the resonant cavity film A and resonant
cavity film B have densely arranged lamellar structures. The physical thickness of the
resonant cavity film A is 4.209 um, and the relative error with the theoretical physical
thickness is 0.24%. The physical thickness of the resonant cavity film B is 4.838 um, and the
relative error with the theoretical design physical thickness is 0.18%.

(b)

Figure 11. The FE-SEM cross-sectional micrographs of (a) resonant cavity film A and (b) resonant
cavity film B.

The transmittance of the input and the output mirror after the deposition of the
antireflective films is shown in Figure 12. The results show that the average transmittance
of the input mirror in the 345~460 nm band is 98.61% and the average reflectance in the
540~620 nm band is 99.61%. The average reflectance of the output mirror in the 345~460 nm
band is 99.74%, and the average transmittance in the 540~620 nm band is 1.06%. The actual
spectrum results meet the theoretical design requirements.
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Figure 12. The actual test transmittance spectral curves of the input mirror and the output mirror.
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After the input and output mirrors of the resonant cavity were completed with the
film preparation, surface shape tests were performed as shown in Figure 13. The measured
PV values for the input mirror and output mirror were 0.36071A and 0.79648A, respectively,
and the RMS values were 0.08988A and 0.11702A, respectively. Compared with the HfO,
single-layer film, the resonant cavity film prepared based on both HfO, and UV-5iO,
materials has an increased number of layers, and the residual stress between the film
layers will be larger. As a result, the microscopic morphology of the multilayer film is
more inhomogeneous compared with the monolayer film, and the deformation and surface
roughness will be higher than that of the monolayer film. Nevertheless, the PV and RMS
values meet the requirements.

Intensity (a.u)

Item Value Unit 500 Item Value Unit
0.15 PV 036071 A 0.2 PV |0.79684| A
- RMS [0.08988| A 400 - RMS [0.11702| A
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0.05 300
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200 -0.2
-0.05
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_\ ; , t _ Joas 0 ; - . ; :
100 200 300 400 500 0 100 200 300 400 500

Figure 13. The surface shape of the resonant cavity (a) input mirror and (b) output mirror.

A Dy, Tb:LuLiFy crystal with dimensions of 3 x 3 x 25 mm?> was placed in a resonant
cavity consisting of an input mirror and an output mirror to complete the construction
of the optical path system. In this work, the pump source was a laser with a central
wavelength of 450 nm and a fiber diameter of 500 pum. The spectrum and the power of the
output laser were measured by a high-resolution spectrometer and a laser power meter,
respectively. The laser output results are shown in Figure 14. It can be seen that the plated
resonant cavity films were used to couple and match the Dy, Tb:LuLiF, crystal successfully,
causing an excited radiation leap in the crystal, thereby outputting a 575 nm yellow laser
with the output power of 106 mW.
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Figure 14. (a) 575 nm laser output test diagram obtained under 450 nm laser excitation. (b) Laser
output power test diagram with 106 mW.

4. Conclusions

A resonant cavity film capable of Dy, Tb:LuLiFy laser crystal matching and outputting
a yellow laser of 575 nm was successfully prepared. The substrate temperature was deter-
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mined to be 180 °C by plating HfO, monolayer film on different substrate temperatures
and performing XRD, spectroscopy and surface shape measurement, considering the dense
film and the residual stress between the film and the substrate. According to the technical
parameters, the theoretical film systems of resonant cavity film A surface, resonant cavity
film B surface, and the antireflective film were designed, and the crystal control scheme
and optical control scheme of resonant cavity film A surface and resonant cavity film B
surface were designed. The SEM, spectral, and surface shape results show that the input
and output mirrors meet the requirements of the technical parameters and can output a
575 nm yellow laser with the Dy, Tb:LuLiF, crystal. The film quality has a significant effect
on the conversion efficiency of the laser. By optimizing the ion source parameters and the
deposition rate of the film, further reducing the film surface roughness and residual stress
between the film layers, and enhancing the laser damage threshold of the film to increase
the pump light input power will be the key research direction for resonant cavity thin films
in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ coatings13071278/s1, Figure S1: Surface shape test of coated BK7
substrate at different temperatures and uncoated BK7 substrate (a) BK7; (b) 120 °C; (c) 150 °C; (d)
180 °C; (e) 210 °C; (f) 240 °C; Figure S2: (a) Theoretical and (b) measured transmittance curve of
antireflective film (when the second surface was not coated, the substrate/air interface reflectance
was 3.7% @550 nm); Table S1: Output wavelength and output power of each yellow laser band
obtained from previous studies and this work. Table S2: Refractive index and packing density of
HfO, films under different temperature. Table S3: Each film layer physical thickness of resonant
cavity film A. Table S4. Each film layer physical thickness of resonant cavity film B.
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List of symbols
E Electric field intensity
H Magnetic field intensity
B Magnetic induction intensity vector
C Magnetic field intensity vector
© Phase difference
5 Phase of the film
A Wavelength of electromagnetic wave
PVD  Physical vapor deposition
UV Ultraviolet
O, Oxygen
1Y% Peak valley
RMS  Root mean square
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