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Abstract: A 3-5 um mid-infrared band is a good window for atmospheric transmission. It has the
advantages of high contrast and strong penetration under high humidity conditions. Therefore, it has
important applications in the fields of laser medicine, laser radar, environmental monitoring, remote
sensing, molecular spectroscopy, industrial processing, space communication and photoelectric
confrontation. In this paper, the application background of mid-infrared laser is summarized. The
ways to realize mid-infrared laser output are described by optical parametric oscillation, mid-infrared
solid-state laser doped with different active ions and fiber laser doped with different rare earth ions.
The advantages and disadvantages of various mid-infrared lasers are briefly described. The technical
approaches, schemes and research status of mid-infrared lasers are introduced.

Keywords: mid-infrared; optical parametric oscillator (OPO); solid-state lasers; fiber lasers

1. Introduction

Laser has been an important invention in the history of human science since the
20th century, following atomic energy, semiconductors and computers, known as “the
fastest knife”, “the most accurate ruler” and “the brightest light”. Laser has been widely
used and recognized in production and science because of its incomparable advantages
over ordinary light sources. After 60 years of research and development, laser-related
technologies, products and services have spread all over the world, forming a rich and huge
laser industry. It is widely used in material processing, communication, optical storage,
medical and beauty technologies, research and military developments, instruments and
sensors, entertainment display, additive manufacturing and other areas of the national
economy. In particular, high-performance 3-5 pm mid-infrared laser in the atmospheric
window has important application value and prospect in laser imaging, chemical remote
sensing, the medical field, environmental protection and civil and military fields [1].

At present, the technical ways to realize the mid-infrared laser output at a 3-5 pm
band mainly include indirect conversion and direct generation. The indirect conversion is
mainly based on the nonlinear frequency conversion crystal to generate mid-infrared laser
by using an optical parametric oscillator, and the direct generation of stimulated radiation
mainly includes quantum lasers, chemical lasers, gas lasers, solid-state lasers and fiber
lasers [2]. The characteristic analysis of various ways to realize mid-infrared laser output is
shown in Table 1.
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Table 1. Comparative analysis of research approaches for realizing mid-Infrared 3-5 pm band.

Method Technology Classification Advantage Disadvantage
LiNbOj3, PPLN, MgO: hich enerev and
Indirect Optical Parametric PPLN, KTP, KTA, 8 Y system stability and beam
: . efficiency and excellent : .
conversion Oscillator ZnGeP,, AgGaSe,, .. quality should be improved
spectral characteristics
AgGaS,
Quantum Cascade InAs, AlSb wider transmission low output power and poor
Laser > bandwidth beam quality
Chemical laser HF, COIL good beam quality high prices, toxic products
Directly produced
absorption bandwidth,
solid-state laser Fe: ZnSe, Cr: ZnSe wide tuning range and limited by temperature
good beam quality

As shown in the table, in view of the characteristics of the simple structure, small
size, easy application and so on, this paper focuses on the introduction on the research of
an optical parametric oscillator, excessive metal doped solid-state lasers and a fiber laser
whose gain medium is soft glass.

2. Mid-Infrared Optical Parametric Oscillation Laser (OPO)

The optical parametric oscillation laser (OPO) is one of the main ways to realize a
mid-infrared laser output of 3-5 um and is composed of nonlinear crystal, a pump source
and a resonant cavity, as shown in Figure 1. It can reach an output band that cannot be
realized by traditional lasers and has many advantages, such as a wide tuning range, simple
structure, high output power, narrow linewidth, etc. [3]. With the emergence of various
nonlinear crystals, the optical parametric oscillator has achieved important breakthroughs
and opened new application prospects, which has once again become a research hot
spot of scholars in the world. According to the different nonlinear crystal materials, the
mid-infrared laser based on optical parametric oscillation is classified as follows.

OPO

M1 MZ
Nolinear Crystal
3-5um
—

Figure 1. Schematic diagram of optical parametric oscillator.

2.1. LiNbO3, PPLN, MgO-Doped PPLN Optical Parametric Oscillator

The optical parametric oscillators of lithium niobate crystals can be divided into pure
lithium niobate (LiNiO3), periodically poled lithium niobate (PPLN) and periodically po-
larized lithium niobate doped with MgO (MgO-doped PPLN) optical parametric oscillators
based on different crystals. The specific evolution process is shown in Figure 2. In order
to improve the damage threshold and stability of the crystal, PPLN is used instead of the
traditional LiNiOj3 crystal. While in order to further improve the damage threshold of the
PPLN crystal, MgO-doped PPLN crystal was born.
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Advantage

1.high nonlinear coefficient and
not easy to hydrolysis
2.low absorption coefficient and
insertion loss ]
3.easy polishing, growing high
quality crystals

LiNiO; periodic polarization
— reversal preparation of ——® PPLN
LiNiO;
1.photorefractive effect strongly
affects stability and efficiency
— 2.low damage threshold, difficult —
to realize high power output . 1.damage threshold is 10 times o
) that of LiNiO; . . z
D ceaivmenang Mo g
. > condition p g
disadvantage E 3.low oscillation threshold and room femperaitey ,§
high conversion rate ©
1.damage threshold
% is 100 times that of add MgO into PPLN
E PPLN
§ 2.decreases the l
2 effect of optical
damage resistance
MgO:PPLN
éﬂ 1.high price
g 2.general optical
-] homogeneity
Figure 2. Evolution process of LiNiOj crystal.

From Figure 2, we can see that LiNbO3, PPLN and MgO-doped PPLN all have their
own advantages and disadvantages. The technology of periodically polarized crystals
has been gradually developed and perfected with the increasing research of scholars. The
research statuses of LiNiO3, PPLN and MgO-doped PPLN optical parametric oscillation
lasers are shown in Table 2.

Table 2. Research and development status.
Research Mid-Infrared Output
Crystal Year Establishment Crystal Parameter Pump Source Parameter Reference
North China Output wavelength 3.76 um
Institute of 3 1.06 pm Repetition rate 5 Hz
2000 Optoelectronic 10510 > 30 mm Nd: YAG Average power 35 mW [4]
Technology Optical efficiency 6%
Output wavelength 3.41 um
" Harbin Institute n 1.06 pm Repetition rate 10 Hz
LINGOs e of Technology Rchueation Nd: YAG Average power 12 mW [5]
Optical efficiency 4.5%
Output wavelength 3.06 um
Sichuan 3 1.064 um Repetition rate 1 Hz
2006 University 13513 > 50 mm Nd: YAG Average power 15 mW (6]
Optical efficiency 10%
1.064 um Output wavelength 4.5 pm
2011  Photonics Center 10 x 20 x 0.5 mm? Nd: Y\LILO Average power 1.1 W [7]
PPLN ' 4 Optical efficiency 7.5%
1.064 um Output wavelength 3.66 um
. .o . . 3 .
2012  Tianjin University 24 X 8 X 1 mm Nd: YVO, Average power 1.54 W [8]

Optical efficiency 7%
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Table 2. Cont.
Crystal Year Es tI: ;Tiesz‘rcr}llent Crystal Parameter Pump Source M1d-1;1:::;::gtgutput Reference
Huazhong Output wavelength 3.81 um
Institute of 1.064 pm Repetition rate 10 kHz
2015 Optoelectronics 40 > 10 x 1 mm® Nd: GdVO, A\Ferage power 54 W &
Technology Optical efficiency 15.88%
Barcelona
2019 Institute of 42 mm length 1.064 pm Outiut wavelength 3.340 um
Science and 1 thick Yb3* fiber verage power 3 "Z] (101
Technolo Optical efficiency 9.5%
BY
Output wavelength 3.26 pm
2008 Harbin Institute 50 x 8.2 x 1 mm?3 1.047 pm Repetition rate 10 kHz [11]
of Technology 5% mol Nd: YAG Average power 0.46 W
Optical efficiency 15.3%
China Acade.zmy No mention 1.064 um Output wavelength 3.7 pm
2008 of Engineering 5% mol Yb3* fiber Average power 3.2 W [12]
Physics Optical efficiency 18%
Output wavelength 3.164 um
2010 Tsinghua 5 x 1 x 30 mm3 1.064 um Repetition rate 76.8 kHz [13]
University No mention Nd: YVOu Average power 4.3 W
Optical efficiency 17.1%
Output wavelength 3.82 um
2012 University of 50 x 2 x 2 mm? 1.064 um Repetition rate 100 kHz [14]
Southampton No mention Yb3* fiber Average power 5.5 W
Optical efficiency 45%
Changchun Output wavelength 3.85 um
2014 University of 50 X 2 x 2 mm?3 1.064 um Repetition rate 200 kHz [15]
Science and 5% mol Nd: GdVOy4 Average power 1.82 W :
Technology Optical efficiency 21.3%
Zhejiang 50 x 1 x 10 mm? 1.064 pm Output wavelength 3.99 im
2014 University 5% mol Yb3* fiber Average power 2.1 W el
Optical efficiency 5.2%
MeO Output wavelength 3.07 um
) dogg) od 2016 Université 1 length 1.55 um Repetition rate 125 kHz [17]
PPLN Paris-Saclay 5% mol Yb3* fiber Average power 1.25 W
Optical efficiency 17.9%
Output wavelength 3.35 um
2017 Imperial College 40 x 10 x 1 mm3 1.065 pm Repetition rate 1 MHz [18]
London 5% mol Yb3* fiber Average power 6.2 W
Optical efficiency 24.3%
Output wavelength 3.2 pm
Average power 1.72 W
Optical efficiency 7.17%
Output wavelength 3.5 pm
Changchun Average power 1.39 W
2018 University of 1 x 8.6 x 50 mm? 1.06 pm Optical efficiency 5.4% [19]
Science and 5% mol Nd: YVO, Output wavelength 3.8 um
Technology Average power 1.39 W
Optical efficiency 3.1%
Output wavelength 4.1 pm
Average power 0.72 W
Optical efficiency 1.84%
Output wavelength 3.4 pm
2020 Xinjiang Normal 40 x 10 x 2 mm? 1.064 um Repetition rate 50 Hz 120]
University 5% mol Nd: YAG Average power 1.075 W
Optical efficiency 10.2%
Output wavelength 3.87 um
2020 Shandong 25 x 3 x 1 mm? 1.937 um Repetition rate 6 kHz [21]
University 5% mol Tm: YAP Average power 1.2 W

Optical efficiency 19.4%
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Table 2. Cont.

Research Mid-Infrared Output

Crystal Year Establishment Crystal Parameter Pump Source Parameter Reference

Changchun Output wavelength 3.8225 um

2021 University of 30 X 2 x 5 mm? 1.064 pm Repetition rate 1 MHz [22]
Science and 5% mol Yb3* fiber Average power 2.06 W
Technology Optical efficiency 11.38%

Output wavelength 3.4 pm

2021 Shandong 10 x 1 x 50 mm? 1.064 um Repetition rate 5 kHz [23]

University 5% mol Yb3* fiber Average power 3.68 W )
Optical efficiency 37%

It can be seen from the table that the output power, wavelength and conversion
efficiencies of periodically poled crystals have been improved substantially from LiNbO3
to MgO-doped PPLN.

2.2. KTiOPOy4 and KTiOAsO,4 Optical Parametric Oscillator

KTP crystal and KTA crystal belong to the isologue, the symmetrical structure of
the 2 m point group, which has high hardness and excellent optical properties. They are
nonlinear optical materials widely used in frequency conversions. The descriptions of the
two crystals are shown in Figure 3.

advantage advantage
1.high damage threshold
2.low expansion coefficient 1.high damage threshold
—— 3.wide transparency range 2.high linearity factor —
4.high electro-optical ‘ 3.low temperature sensitivity
coefficient
KTA Im KTP

severe absorption resulting in \
—— thermal lensing and damage
the optical elements

point group symmetry

high threshold leads to low
efficiency

disadvantage disadvantage

Figure 3. Description diagram of KTP and KTA crystals.

It can be seen from the Figure 3 that both KTP and KTA have the characteristics of
a high damage threshold. However, compared with KTP crystal, the physicochemical
property of KTA crystal is more stable and overcomes the absorption band of KTP crystal,
which is near 3.4 um. Both crystals have made prominent contributions to the high
repetition frequency and high-energy mid-infrared output, and the excellent characteristics
of KTP and KTA crystals determine the wide range of their applications. The research
progress of KTP and KTA crystals in the mid-infrared band is shown in Table 3.

Numerous institutions for KTP and KTA crystals research have been reported. They
have a wide variety of pump sources, and the operation modes are various. According to
the latest research, they have achieved high-power and high-quality laser output.
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Table 3. Research and development status.

Research Crystal Mid-Infrared Output
Crystal Year Establishment Parameter Pump Source Parameter References
Output wavelength 3.29 um
Harbin Institute 3 1.06 pm Average power 2 mW
2003 of Technology 77 25 mm Nd: YAG Repetition rate 1 Hz 1
Optical efficiency 5%
The Czech
2016 Academy of 16.5 mm length 0.976 pm Output wavelength 3.225 pm [24]
. 1 mm thickness Yb3* fiber Repetition rate 100 MHz
Sciences
KIP Humboldt- 1.028 um Output wavelengh 3.13
2018 Universitit zu 2 mm thickness Yb: sep [25]
Berlin KGA(WOy,) Repetition rate 100 kHz
42 Optical efficiency 12%
itz L Aeerage power 103N
3 . .
2021 Acsi‘f:ri‘zs"f 2x4x4mm Yb:KGW Repetition rate 15 MHz 261
Optical efficiency 14.7%
Cittreze 1.064 um Oufié?ﬁfﬁiﬁ 'ifzvum
3 .
2010 Acsi?::EZSOf 55 25mm Nd: YAG Repetition rate 100 Hz (271
Optical efficiency 14%
N i 1.064 um Ouz%ﬁ:;v;éigg 2 ?2457 %A/um
. 3 . .
2011 ofgﬁc};?clscal 7 X720 mm Nd: YAG Repetition rate 25 Hz 28]
y Optical efficiency 14.3%
Output wavelength 3.440 pm
2013 VI_\IIITSZ}SZ(’ZLI 5 x 5 x 20 mm? (111?8;5;1 Average power 0.335 W [29]
y ’ Optical efficiency 5.6%
Output wavelength 3.75 ym
2013 Tsinghua 10 x 10 x 1.06 um Average power 600 mW 130]
University 20 mm? Nd: YAG Repetition rate 10 Hz
Optical efficiency 7.54%
Shanghai
Ir}shtute Of Output wavelength 3.27 pm
Optics and Fine 3 x25x 0.8 pm Average power 82 mW
KTA 2016  Mechanics, the N ey sep [31]
. 2 mm Ti: sapphire Repetition rate 1 kHz
Chinese Optical efficiency 14.6%
Academy of P y bl
Sciences
i OBl 305
UL A;i?:rrlrchSOf A | Yb: KGW Repetition rate 151 MHz L
Optical efficiency 18.7%
US. Army Output wavelength 3.5 pm
Combat 1.06 um Average power 0.242 W
IR EPR] 3 . .
2020 Capabilities 6 X 6 x 20 mm Nd: YAG Repetition rate 20 Hz [33]
Development Optical efficiency 35.5%
Command P Yoot
Output wavelength 3.47 um
2021 Shandong 10 x 10 x 1.064 pm Average power 6.4 W [34]
University 33 mm? Nd: YAG Repetition rate 100 Hz

Optical efficiency 43.6%

2.3. AgGaSey and AgGaS, Optical Parametric Oscillator

AgGaSe; and AgGaS, are semiconductor chalcopyrite symmetry crystals. Both crys-
tals are transparent in infrared, and they have been used for a long time in the mid-infrared
band. The descriptions of two crystals are shown in Figure 4.
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advantage advantage

1.1ess optical absorption
2.low scattering

3.excellent transmission

1.high nonlinear coefficient
2.wide optical transmission

spectrum width range
AgGaSe; AgGas,
1.low thermal conductivity

2.severe thermal effect in low damage threshold

high-power pump
disadvantage disadvantage
3-5pm mid-infrared laser
Figure 4. Crystal description diagram.

For AgGaSe; and AgGaS; crystals, the biggest defect is that the damage interpretation
value is generally low, which cannot meet the needs of high repetition rates and maximum
energy output.

In the early stage, the research on AgGaSe; and AgGa$, crystals was also extensive;
the research and development status are shown in Table 4.

Table 4. Research and development status.
Research Crystal Mid-Infrared Output
Crystal Year Establishment Parameter Pump Source Parameter References
Output wavelength 3.5 pm
The University . 2 um Average power 6 mW
2000 of Burdwan 9 mm thickness CO? laser Repetition rate 1 Hz 531
Optical efficiency 2.4%
Chapgchun Output wavelength 4.65 um
Institute of 18 x 18 x 9.3 um Average power 3.9 W
AgGaSe 2009 OpthSf Fine 52 mm? TEACO? laser Repetition rate 100 Hz (361
Mechanics and Optical efficiency 56%
Physics P youe
Huazhong Output wavelength 3.2 um
University of 3 9.6 um Average power 4 kW
2013 Science and 55 13 mm CO? laser Repetition rate 1 Hz (571
Technology Optical efficiency 0.14%
Output wavelength 4 um
1984 Stanford 2x1x 1.064 um Average power 5 mW [38]
University 0.5 mm?3 Nd: yttrium Repetition rate 10 Hz
Optical efficiency 16%
DSO National 2 x 0.7 x 1.064 um (Ol v e L2 i
1997 . 3 Repetition rate 10 Hz [39]
Laboratories 0.7 mm Nd: YAG . . o
Optical efficiency 10%
AgGaS; American Output wavelength 3.9 pm
1999 Institute of 20 x 7 x 1.06 pm Average power 4 mW [40]
Physics 10 mm? Nd: YAG Repetition rate 10 Hz
4 Optical efficiency 22%
Output wavelength 4 um
- : ] 10 x 7 x 1.06 pm Average power 12 mW
2006 Jilin University 20 mm? Nd: YAG Repetition rate 20 Hz (41

Optical efficiency 3.5%

It can be seen from the existing reports that the output efficiency based on these two
crystals to realize mid-infrared laser is low, and the maximum energy that can be obtained
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is also relatively small. This may be the reason why there are almost no literature reports
about realizing mid-infrared laser output based on these two nonlinear crystals in the
pas decade.

2.4. ZnGeP, Optical Parametric Oscillator

ZnGeP; crystal is the most important nonlinear crystal in optical parametric oscillator
technology. The description of it is shown in Figure 5.

zGP

/

positive uniaxial
tetragonal system
semiconductor Chalco-pyrite
compound

excellent thermal conductivity
steady performance
technology maturity

structure
JgejueApe

\/

stable output power and wavelength
tuning under high-power pump

'

realization of 3-5pm high-power
mid-infrared output

Figure 5. Description diagram of ZGP crystal.

For the ZnGeP, crystal, its good physical and chemical properties, high thermal
conductivity and damage threshold have achieved its advantages when operating in a
high-power environment. Therefore, it is the best nonlinear crystal for a high-power,
3~5 pm mid-infrared OPO.

The ZnGeP; crystal has been deeply studied by many scholars because of its excellent
characteristics. The research development is shown in Table 5.

According to the literature, the best results of mid-infrared laser output based on ZGP
crystal are an average output power of 103 W at a frequency of 10 kHz. The optical efficien-
cies are 78% and 44.2% with an output wavelength of 4.6 um and 4.57 um, respectively.

As mentioned above, several optical parametric oscillators for mid-infrared (3-5 pm)
output are discussed. The properties parameters of mid-infrared nonlinear optical crystals
are shown in Table 6.

The nonlinear crystals mentioned above have transmittance in the mid-infrared of
3-5 um, which are currently widely studied in the world. Compared with LiNiO3; and
PPLN, MgO-doped PPLN crystal owns a larger damage threshold, and now it has become
a research hotspot. However, the thermal conductivity of KTP, AgGaSe; and AgGa$S, are
relatively small, which will induce serious thermal effect under high-power operation and
even cause the damage of crystals. Therefore, the output and applications of high-power
mid-infrared in the future are limited. The thermal conductivity is smallest, and the damage
threshold is the highest of ZGP crystal, which may be the reason why the output power is
largest among these nonlinear crystals. It has a compact laser structure, the advantages
of a wide tuning range of output wavelength and so on. Therefore, it can be said that the
realization of mid-infrared laser output based on ZGP crystal is mainstream through an
indirect way.
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Table 5. Research and development status.

Year Research ZGP Crystal [E v S Mid-Infrared Output References
Establishment Parameter Parameter
Norwegian Output wavelength 4.5 pm
2010 Defence Research 8.5 x 6 x 8 mm?> 2.1 pm Avere}g.e power 22 W [42]
Establishment Ho: YAG Repetition rate 45 kHz
Optical efficiency 58%
China Academy of o1 Ou’zut waveleng’ch547.3‘/2v um
. . 3 1 pm verage power 5.
2011 Enlgg}llnef'ermg 86 x 18 mm KTP OPO Repetition rate 8 kHz (431
ysies Optical efficiency 46.6%
Australian - OlXput wavelengtil036.5 V\p/tm
: . .09 pm verage power 10.
2013 UI\r]izlng;?tly No mention Ho: YAG Repetition rate 35 kHz (441
Optical efficiency 69%
Output wavelength 3.7 pm
University of 1.98 um Average power 2.8 W
2014 Central Flgrida 5 x 4 x 12 mm’ Tm: fiber Repeti%cioFr)l rate 4 kHz (431
Optical efficiency 8%
Output wavelength 4.5 pm
Harbin Institute of 3 2.1 pm Average power 41.2 W
2014 Technology 66X 23 mm Ho: YAG Repetition rate 20 kHz 46l
Optical efficiency 38.5%
Huabei Output wavelength 3.75 um
2015 Photoelectric 5 x 5 mm? end 2.05 um Average power 26.9 W [47]
Technology face Ho: YLF Repetition rate 5 kHz
Research Institute Optical efficiency 50%
French-German Output wavelength 4.6 pm
2016 Research Institute 14 x 12 x 6 mm3 2.05 pm Averagfa power 0.12W [48]
of Saint-Louis Ho: YLF Repetition rate 1 Hz
Optical efficiency 78%
Output wavelength 4.6 pm
Chinese Academ; 2.09 um Average power 95 mW
2017 of Sciences ! 6% 6 x 15 mum’ Ho: YELAG Repe%itili))n rate 5 Hz (491
Optical efficiency 75.7%
Output wavelength 4.39 um
Harbin Institute of 2.05 um Average power 2.05 W
2018 Technology 30 mm length Ho: GdVOy4 Repet%tic}))n rate 5 kHz (501
Optical efficiency 74.6%
Output wavelength 4.57 um
Harbin Institute of 2.09 um Average power 103 W
2019 Technology 6 % 6 x 20 mum’ Ho: YAG Repetition rate 10 kHz (511
Optical efficiency 44.2%
Changchun Output wavelength 4.5 pm
University of 2.09 um Average power 5.97 W
2019 Science a};d 5% 5 x 16 mu’ Ho: YAG Repetgitign rate 6 kHz (521
Technology Optical efficiency 44.1%
French-German 200 Ou’fut wavelengthsfé—‘i] pum
. 3 .09 pm verage power
2021 Research Institute 66 20 mm Ho:LLF MOPA Repetition rate 10 kHz [53]
Optical efficiency 46.6%
Output wavelength 4.3 pm
Shandong 2.1 ym Average power 10.62 W
2021 University 6 % 6 x 25 mum’ Ho:YAG Repetition rate 15 kHz (541

Optical efficiency 37.9%
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Table 6. Properties of mid-infrared nonlinear crystals mentioned above.

. Nonlinear Transparency Thermal Damage
Crystal Crystal System Point Group Coefficient/pm-V-1 Range/pm Conductivity/W-m-1.K-1  Threshold/GW-cm?
NT: . dzz =21
LiNiO3 trigonal system 3m dsy =43 dgs = 27.2 0.35-4.5 5.6 0.2
PPLN trigonal system 3m dsz =27.2 0.33-5.5 5 0.3
MgO: PPLN trigonal system 3m di3 =14.8 0.36-5 4.4 0.6
orthorhombic dis=1.9
KTP system 2m dos = 3.64 dgy = 169 0.35-4.5 04 15
KTA orthorhombic om dis=42dyy =28 045 20 10
system ds; =16.2
AgGaSe; tetragonal system 42 m dse =39.5 0.73-18 1 0.04
AgGaS; tetragonal system 42m dzs =13.4 0.53-13 15 0.04
zGP tetragonal system 42m degr =75 0.74-12 35 30

3. Mid-Infrared Fe: ZnSe and Cr: ZnSe Solid-State Lasers

Taking transition metal doped II~VI chalcogenides crystallized group sulfide crystals
as gain media is an important means to realize mid-infrared laser. The two typical laser
materials are Fe: ZnSe and Cr: ZnSe crystals. Characteristics descriptions of Fe: ZnSe and
Cr: ZnSe crystals are shown in Figure 6.

o =
e . . &
3 1.common crystal mAterials 1.wide tuning range s
E 2.various preparation methods 2.high efficency 5
g ®
Fe:ZnSe cubic system <« Cr:ZnSe
) &
£ small gap £
= )
g heat-leaded seriously thermal effect s
] q . 3
g multiphonon quenching &
3 ®

Figure 6. Characteristics descriptions of Fe: ZnSe and Cr: ZnSe crystals.

Fe: ZnSe is a four-energy level structure. When Fe?* is doped into ZnSe, Zn?* in the
center of tetrahedron will be replaced. The ground state energy level °D of the outermost
electron ®dg splits into duplex degenerate states °E and triple-degenerate states >T, under
the action of a crystal field [55]. Then the one-step orbital spin coupling splits the T, state
into three energy bands and the second-order orbital spin coupling splits the °E state into
five energy levels. The energy level diagram is shown as Figure 7.

JINY

~7K
 — T4
, ~L6K
ST V2 A 5
2 7
/ -1
y 4 Be2s0em’” = s
/ N N ~ K
/ \ 2A~170cm’™ T4
/
/ ~
/ s
/
/
/
— A~3000cm™
< \
D \
\
\
\\ _- I
~
\ P - s K
\ - K
N < Ts
g ~ K
~
~o 4
S~ K~1.5cm™

I

Figure 7. Diagram of Fe: ZnSe energy level.
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Cr: ZnSe is a four-energy level structure. Under the action of a pump light, Cr?* in the
ground state of 5T2 transits to the vibrational levels of excited state °E, and because there is
no other energy level above the 5E excited state level, therefore, there is almost no excited
state absorption process for Cr?* [56]. The energy level diagram is shown as Figure 8.

At
——
E -
——<
/ 54
/ R “B1
/
/
/
/
D /
—_—
\
\
\\ sﬁ
\ 5 D —
\ T, P s
%/
N 5B,

Figure 8. Diagram of Cr: ZnSe energy level.

The absorption peak of Fe: ZnSe crystal is near 3 um at room temperature. Addition-
ally, the emission peak is near 4.3 um. Take note that the absorption characteristics of Fe:
ZnSe crystal varies greatly with temperature, as shown in Figure 9. The absorption cross
sections of Fe: ZnSe crystal are greatly at 14 K. Additionally, the absorption cross section
will become lower while, at the same time, the absorption range will become wider at
300 K. From the emission spectrum of Fe: ZnSe, the material emission spectrum range is
3-5 um [1].

2
1.8 |
1.6
14

le— 14K
L2

1
os | /\
Pump

0.6
wavelengtl
0.4 300K

02

Absorption cross-section/10-15cm?

0 . 1 1
L5 25 35 4.5
‘Wavelength/pm

n
th

b
1
3

het

N =

] W
T T

et
(¥}
T

*
o
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Figure 9. Absorption and emission spectrum of Fe: ZnSe crystal.
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Cr: ZnSe has a relatively wide absorption band, at 1.5-2 pm; as shown in Figure 10,
the absorption peak is around 1.75 um. The emission spectroscopy is 2-3 um, and the
emission peak is about 2.45 pm [56]. It can be seen from Figure 10 that it is not a good
choice to use the Cr: ZnSe crystal to achieve a laser output above 3 um, because, although
the crystal has emission at 3 pm, its gain is relatively low.

1.8

1.6
14 absorption emission
12

1 -
0.8
0.6
04

Cr:ZnSe Spectra/(arb.unit)

0.2

0 1 1 1 1
1 1.5 2 2.5 3 3.5

Wavelength/pm

Figure 10. Absorption and emission spectrum of Cr: ZnSe crystal.

Spectroscopic and material properties of the Cr: ZnSe and Fe: ZnSe crystals are shown
in Table 7.

Table 7. Parameters of Cr: ZnSe and Fe: ZnSe crystals.

Crystal Cr:ZnSe Fe:ZnSe
Symmetry of crystal Cubic system Cubic system
Size (mm?3) 40 x 40 x 50 40 x 40 x 50
Launch range (um) 1.9-3.3 3.4-5.2
Gain bandwidth (nm) 500 500
Peak absorption cross section (x 10720 cm?) 87 97
Peak absorption wavelength (um) 1.78 3 (300 K)
Peak emission cross section (x10720 cm?) 90 140
Peak emission wavelength (um) 2.45 4.140
Emission bandwidth (nm) 0.9 1.1
Fluorescence lifetime (300 k, ps) 8 0.37

It can be seen from Table 7 that the absorption cross section and emission cross section
of Fe?*: ZnSe are larger than that of Cr?*: ZnSe. While the Cr: ZnSe crystal exhibits
excellent room temperature fluorescence properties, both of them have a wide tuning range
and high quantum efficiency, which have attracted more and more attention in the field of
mid-infrared wave band research. The research and development status of Cr: ZnSe and
Fe: ZnSe lasers are shown in Table 8.

Compared with Cr: ZnSe laser, the single energy or the average power is higher for the
Fe: ZnSe laser. However, for the Fe: ZnSe crystal, the temperature is the key factor affecting
its fluorescence lifetime. High-power Fe: ZnSe laser can be realized at low temperatures.
As temperature rises, the fluorescence lifetime of Fe: ZnSe crystal decreases, which makes
it difficult to achieve a high-power, mid-infrared laser. Future research can focus on the
external cooling method of the laser to ensure that it maintains good mid-infrared laser
output performance at room temperature.
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Table 8. Research and development status.

Research Crystal Mid-Infrared Output
Crystal Year Establishment Parl;ymeter Pump Source Parameter b References
Temperature 300 k (0.38 ps)
Output wavelength 4.3 pm
I Average power 0.3 mW
2011 Alabama at 8 x 8 x 3mm3 2.8 um Optical efficiency 16% 57]
Birmingham 2 x 10 em 3 Er, Cr: YSGG Temperature 236 k (0.274 ps)
Output wavelength 4.37 um
Average power 24.12 mW
Optical efficiency 19%
. Temperature 300 k (0.37 us)
2012 glel;:;);é:}? 2 x 6 x 8 mm? 2.94 pm Output wavelength 4.14 um 58]
Laboratory 9 x 10 cm—3 Er: YAG Average power 840 mW
Optical efficiency 39%
Temperature 245 k (1.7 ps)
. Output wavelength 4.5 pm
2013 Ailcliisrf;of 8 x8 Xlg mm33 2.9 um Ave.rage power 21W [59]
Sciences 2.6 x 10°° cm™ Er: YAG Optical efficiency 23%
Temperature 275 k (0.715 ps)
Temperature 292 k (0.36 us)
Temperature 77 K (0.57 ps)
2015 Heriot-Watt 1'8629: ;;;63 x 2.94 ym Output wavelength 4.122 um [60]
University 8.8 >< 1018 cm-3 Er: YAG Average power 76 mW
’ Optical efficiency 11%
Temperature 300 K (0.37 us)
University of . 2.94 ym Output wavelength 4.1 pm
2015 Alabam}:i 2 mm thickness Er: YAG A\l?erage powe% 35 mW [o1]
Optical efficiency 35%
All-Russian
Research 122 rir?é x 2.6 um Temperature 300 k (0.36 ps)
Fe:ZnSe 2017 Institute of (7-9) x 1018 .HF Output wavelength 4.3 pm [62]
Experimental . Average power 20 W
Physics
Temperature 80 k (60 ps)
Temperature 220 k (8 ps)
Russian 25 x 25 x 294 um Temperature 250 k (3 ps)
2018 Academy of 16.7 mm? E. ; Y;G Temperature 300 k (0.37 us) [63]
Sciences 1.1 x 10 em—3 & Output wavelength 4.3 pm
Average power 7.5 W
Optical efficiency 30%
. Temperature 5-18 °C
Russian %71);‘1‘:&:‘;5 294 (0.68-0.39 pis)
2019 Academy of mm3 Er YAG Output wavelength 4.7 pm [64]
Sciences 1.8 % 1018 cm -3 ’ Average power 3.14 W
’ Optical efficiency 17.5%
Temperature 77 k (0.57 ps)
2019 Harbin Institute 4 x 4 x 10 mm3 2.958 um Output wavelength 3.957 pm [65]
of Technology 5 x 1018 ¢m—3 Ho, Pr: LLF Average power 0.0164 mW
Optical efficiency 22.9%
Temperature 77 k (0.57 ps)
Output wavelength 4.037 um
4% 10 x Average power 197.6 mW
2019 Harbin Institute 10 tm3 2.93 um Optical efficiency 13.7% [66]
of Technology 5 % 1018 cm-3 Cr, Er: YAG Temperature 300 k (0.37 ps)
Output wavelength 4.509 um
Average power 3.5 mW
Optical efficiency 0.27%
Temperature 77 k (57 ps)
2020 Osaka 8 length 2.8 um Output wavelength 4 um [67]
University 35x10% em™3  Er: ZBLAN Average power 880 mW

Optical efficiency 44.2%




14 of 22

Appl. Sci. 2021, 11, 11451
Table 8. Cont.
Research Crystal Mid-Infrared Output
Crystal Year Establishment Parameter Pump Source Parameter References
Lomonosov Temperature 170 k
2020 Moscow State 8 length 2.8 um Output wavelength 4.4 pm [68]
Universit 3.5 x 10® cm 3 Er: ZBLAN Average power 415 mW
Y Optical efficiency 5.92%
Chapgchun 28 mm Temperature 300 k (0.37 ps)
Institute of .
2020 Optics. Fine diameter 2.6 um Output wavelength 3.1 pm [69]
ptcs, 4 mm thickness HF Average power 21.7 W
Mechanics and 18 3 . e o
. 2 x 10*° cm Optical efficiency 32.6%
Physics
Temperature 120 k (57 ps)
University of - e s 2.94 um Temperature 300 k (0.37 ps)
2021 Alabama at 19 2 3 Output wavelength 4.1 pm [70]
. 1.5 x 10*” cm Er: YAG
Birmingham Average power 180 mW
Optical efficiency 25%
Temperature 300 k (5 ps)
. . 2 mm thickness 1.57 pm Output wavelength 3.1 pm
AT (g BT 57 5.7 x 1018 cm—3 KTP OPO Average power 145 mW (711
Optical efficiency 8%
University of ¢ » 1 mm? 1.55 nm Output wavelength 3 um
2007 Alabama at . 34 g [72]
. No mention Er’* fiber Average power 150 mW
Birmingham
Cr: ZnSe N .
orweslan 2.3 thickness
University of ’ 1.607 pm Output wavelength 3.3 pm
2010 . mm 34 g [73]
Science and 18 3 Er°* fiber Average power 600 mW
5 % 10°° cm
Technology
.Toky.o 5 length mm 2,01 um Output wavelength 3.2 pm
2021 University of 8 x 10-18 o3 Tm:YAG Average power 49.8 mW [74]
Science ’ Optical efficiency 22.5%
4. Mid-Infrared Fiber Lasers
Optical fiber has many advantages in numerous fields. This paper mainly discusses
the mid-infrared fiber laser with soft glass [fluoride (Er3+, Ho?*, Dy3+), chalcogenide,
telluride] as the gain medium. The description is shown in Figure 11.
fiber optical laser
excellent beam quality
stable working state
excellent heat dissipation effect
low production cost
|
| | I
fluoride fiber chalcogenide fiber telluride fiber
o & | videmirared e g s
é“ 1. Low phonon energy i, ary el it g ?3“ . W e lfl rare 1.high toxicity g g) 1.high refractive index Producti . §_
£ 2. Low-loss ’ q s 5 ransmission range 2.Low solubilityof 5 5  2.high conversion roduction process is s
8 o 2.easy deliquescent £ £ 2.stabie thermal . 5 2 . restricted g
= transmission T = X rare earth ions ] efficiency 2
< w = properity % < %

L | L

S

3-5pum laser output

Figure 11. Description diagram of mid-infrared fiber lasers.
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The most-used material for fluoride optical fiber is a multi-component fluoride glass
called “ZBLAN"; the mid-infrared fiber laser operating at 3-5 um band has a similar
outer electron arrangement for gain ions. Energy level transitions between configurations
produce abundant emission lines; the gain fiber mainly includes Er3*, Ho®", Dy3+, and its
energy level diagram [75] is shown in Figure 12.
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Figure 12. Energy level diagram.

The chalcogenide glass has excellent mid-infrared transmission, thermal and mechan-
ical properties. Compared with fluoride glass fiber, its phonon energy is lower, which
makes up for the defect that ZBLAN is hindered to work at wavelengths exceeding 4 um
due to the reduction of high-energy states caused by multi-phonon transitions. In the
context of the chalcogenide glass fiber lasers, the ions that have received the most attention
are praseodymium and terbium. The energy level diagram [76] is shown in Figure 13.
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Figure 13. Energy level diagram.

For the glass fibers of fluoride, chalcogenide and tellurite, their physical and chemical
properties are different, as shown in Table 9.

Table 9. Physicochemical properties of various soft glass fibers.

Properties Fluoride Chalcogenide Tellurite

The lowest loss (dB/m) 0.45 x 1073 0.023 0.02
Max. phonon energy (em™1) 560 300450 700

Transparency (um) 0.4-6 1-16 0.5-5

Nonlinear refractive index

(x10-20 m2 /W) 2-3 300-500 59
Melting point (°C) 265 250 500

Durability poor good good

Toxicity high high safe
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Compared with chalcogenides, the fluoride glass has lower loss but higher phonon
energy, and its transparency range is far inferior to chalcogenide’s. However, compared
with tellurite glass, the fluoride glass and chalcogenide glass are more toxic. Three kinds of
glass optical fibers are the best choice for mid-infrared transmission. Their low optical loss
and high-power damage threshold make many applications possible.

The fiber lasers with different gain media have unique advantages and characteristics.
The developments are shown in Table 10.

Table 10. Research and development status.

] ] ] Research Crystal Mid-Infrared Output
Medium Fiber Matrix Year Establishment Parameter Pump Source Parameter References
N Output wavelength 3.5 pm
2014 e Uruve.r sity L min Ingih 1.'973 m Average power 260 mW [77]
of Adelaide 1 %mol fiber laser . . o
Optical efficiency 16%
. Output wavelength 3 um
2016 Accalcjllerzseo ¢ 0.9 mm length 887511? Average power 1.01 W (78]
Scien. Y 6% mol bp m P Repetition rate 146.3 kHz
clences ea Optical efficiency 17.8%
- Output wavelength 3.489 pm
2018 ShaI}thal Jiao 2.8 mm length 1.973 pm Average power 40 mW [79]
Uni Onrgit 1% mol Tm3* fiber Repetition rate 28.91 MHz
tversity Optical efficiency 18%
. " 976 + 1976 nm Output wavelength 3.42 pm
Er: ZBLAN 2019 Unﬁ;\e]zsilte 23 ;rl/mnlleorigth LD pump Average power 3.4 W [80]
° beam Optical efficiency 38.6%
University of
Electronic 3.2 mm length 976 + 1981 nm Output wavelength 3.45 um
2020 Science and ’ 1.5% moig LD pump Average power 264.5 mW [81]
Technology of o beam Optical efficiency 7.18%
China
Output wavelength 3.46 um
2021 Shenzhen 1.8 mm length 9725 1?1751nm Average power 63 mW 182]
University 1% mol b efzjam P Repetition rate 58.71 MHz
Optical efficiency 15.6%
University of 10 mm length 1.15 pm Output wavelength 3.002 pm
2011 Svdne 1.2% mol LD pump Average power 77 mW [83]
yaney o beam Optical efficiency 12.4%
University of
Electronic 12 mm length 1.15 um Output wavelength 3.005 pm
Fluoride Ho: ZBLAN 2012 Science and 1.2% m % LD pump Average power 175 mW [84]
Technology of =70 mo beam Repetition rate 75 kHz
China
Output wavelength 3 um
2013 University of 2.5 mm length 1.15 pm Average power 100 mW [85]
Arizona 3% mol Roman laser Repetition rate 100 kHz
Optical efficiency 12.3%
q " 888 nm Output wavelength 3.92 um
2018 Unﬁ;e/l:llte 2'311(1)101/11 Ilsglgth LD pump Average power 197 mW [86]
? beam Optical efficiency 9.77%
University of
Electronic 888 + 974 nm Output wavelength 3.92 pm
Ho:InF3 2021 Science and O.Zi(?;mrrllzr;gth LD pump Average power 1.3 W [87]
Technology of ? beam Optical efficiency 21.6%
China
Macquarie 0.92 mm length 2.8 um Output wavelength 3.04 um
2016 Universit 2000 Dpm Er: ZBLAN Average power 80 mW [88]
versty bp ’ Optical efficiency 51%
. Output wavelength 3.26 pm
2016 %ﬁf&ﬁﬂe 0'130%1(? lerr;gth Er'ngLEXN Average power 120 mW [88]
Y pp ’ Optical efficiency 37%
. Output wavelength 3.4 um
Dy: ZBLAN 2018 %ﬁfq‘fﬂe 0'628515‘ le‘r‘fth Rarlnzxﬁ‘ . Average power 170 mW [89]
versity pp ¢ Optical efficiency 21%
2019 Université 2.2 mm length 2.83 pm Oug]gi;vzve(l)i\r]f:}{g févum [90]
Laval 2000 ppm Er: ZBLAN &e P '

Optical efficiency 58%
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Table 10. Cont.
. . . Research Crystal Mid-Infrared Output
Medium Fiber Matrix Year Establishment Parameter Pump Source Parameter References
Output wavelength 3.24 pm
2020 Université 1.75 mm length 2.825 um Average power 1.43 W [91]
Laval 2000 ppm Er: ZBLAN Repetition rate 120 kHz
Optical efficiency 22%
University of
Electronic 1.1 um Output wavelength 4.3 um
Dy:InF3 2021 Science and 1'250 T;nrifnlgth Yb3 +:fiber Average power 107 mW [92]
Technology of /o mo laser Optical efficiency 3.75%
China
eV Output wavelength 3.77 pm
Université 2.8 mm length 3.005 pm
45553 AU Laval 98% reflectivity Er: ZBLAN Aver.a &€ power L m(}N (93]
Optical efficiency 8.3%
Ninebo 1'051_6 iZCt’)hmm 3.92 um Output wavelength 4.327 pm
As,Se; 2019 nghe st s Average power 0.269 mW [94]
University 97.8-98% Ho>*:InF3 . e o
. Optical efficiency 17.9%
reflectivity
120 mm length Outplzt ;{avr(;length
Dv3+: Chinese Dy3+:0.3 wt% 1.7 um Im. uri. alP)Lsor fion
Y 2019 Academy of 125:60:11 Tm®* fiber purity absorp [95]
GGSS X peaks 2.4 dB/m
Sciences /125:66:11.5 laser 3 o
core/claddin, T X g S X M i
J Lifetime 4.61 ms
) 12 mm Output wavelength
q Tb3*: Russian diameter 2.93 um 4.9-55 ”f‘;l 2
Chalcogenide GGs 2020 Acac;lemy of 56 mm length Er-YAG laser 0e(A) =5 x 107 cm [96]
Sciences 19 23 Average power 25 mW
2 x 107 cm o
Lifetime 10 ms
Output wavelength
Russian Lo D[
Ce’: diameter 4.08 um Energy output 0.5 mJ
GSGS 2021 Acsaciierrlny of 24 mm length Fe:ZnSe laser Impurity absorption 71
clences 3 x 10 ecm™3 6 x 1073 cm™!
Lifetime 3.7 ms
. University of 1'2 mm Output wavelength
Ce’*: . diameter 4.1 um 5.2 um
2021 Duisburg- [98]
GSGS E 24 mm length Fe:ZnSe laser Energy output 35 mJ
ssen 3 x 10 em™3 Optical efficiency 21%
Output wavelength
Ce3+ University of 9 um diameter 4.15 pm 4.1.63 wm o
GAGS 2021 Nottingham 64 mm length quantum Impurity absorption [99]
500 ppmw cascade laser peaks 2.16 dB/m~!
Lifetime 3.6 ms
Institute of 12 mm Output wavelength
Pr3+: 2021 Chemistry of diameter 5 mm 1.54 pm 5.5 um [100]
GGS High-Purity length Er:glass laser Average power 20 mW
Substances 1 x 102 em—3 Lifetime 3 ms
L 1 mm length Output wavelength 3.16 pm
2015 U“;Vne;zﬁ ol 10-20% Er?ﬁB”LIzN Average power 7.42 W [94]
reflectivity ’ Optical efficiency 7.55%
Hefei Output wavelength 3.64 um
2017 Universityof oo o 18t - 2wm Average power 452 W [101]
Technology ? Y Optical efficiency 45.2%
National
) . 2 um Output wavelength 3.61 um
Tellurite TBZN 2018 Dbttty ot B ler.lg.th Tm?3*:fiber Average power 16 W [102]
Defense 45% reflectivity . fe
laser Optical efficiency 45.2%
Technology
University of
Electronic 1.96 pm Output wavelength 5 um
2021 Science and 6()9%/11;:;1‘3152‘%? Tm?>*fiber Average power 52.44 mW [103]
Technology of ? Y laser Optical efficiency 19%
China

From the current research progress, the soft glass fiber (fluoride, chalcogenide and

telluride) has low loss in the mid-infrared band. The manufacturing process is relatively
mature. Therefore, achieving mid-infrared laser with fiber has been extensively studied
by scholars. Among the soft glass fibers, the manufacturing process of ZBLAN fiber
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is relatively mature. However, the realization of mid-infrared laser output with high
conversion efficiency and the output energy still needs further development; due to the
limited manufacturing process of InF3 and the telluride, there are still difficulties in general
commercial use; chalcogenide glass has excellent transmission performance in the mid-
infrared band due to its low material dispersion, so it has an indispensable application
value at 3-5 um. For the future, it is necessary to optimize the gain fiber, to increase the
pump power and to achieve a higher power mid-infrared laser output.

5. Conclusions

In the past 20 years, based on the progress of new laser materials, optical technology
and the traction of application requirements in many fields, the research of mid-infrared
laser has made many breakthroughs and rapid progress. In order to improve the perfor-
mance of mid-infrared lasers, it is urgent to study and improve the physical and chemical
properties of the gain medium for achieving mid-infrared laser output and develop tech-
nologies to improve the performance of mid-infrared lasers. In general, the paper briefly
introduces the development of mid-infrared optical parametric oscillators, direct-pumped
mid-infrared solid-state lasers and direct lasing mid-infrared fiber lasers. Looking forward to
the future, the main development trends mainly include: (1) output power increases; in the
future, we can continue to improve mid-infrared laser technology and soft glass pretreatment
and find new gain medjia to continuously increase the output power of 3-5 um mid-infrared
laser and (2) lift the conversion efficiency furthermore; with the low-loss beam-coupling
technology development and the successful development of lower loss optical fiber, based
on the improvement of passive InFj fiber and chalcogenide purification technology, it can be
expected that there is still room for improvement in conversion efficiency.

We can expect that, in the near future, with the continuous improvement of various
technologies, the high-power, large-energy mid-infrared laser of 3-5 pm will move from
experimental research to practical applications which will play a unique role in scientific
research and production.
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