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Infrared lasers have an extensive range of applications in sensing, detection,
communication, medicine, and other fields. The principle of directly pumping
solid-state lasers is simple, and it can easily achieve high-power and high-
efficiency laser output, which is one of the important means to obtain infrared
lasers. Incorporating rare earth ions into the substrate as the gain medium for
directly pumping solid-state lasers can alter their optical performance and further
enhance the performance of the laser. Lasers based on rare earth ion doping have
a small volume, high conversion efficiency, good beam quality, wide tuning
range, and multiple operating modes. Therefore, the proportion of rare earth ions
doped as the gain medium for activating ions is currently very large. In this review,
Ho®*, Tm**, and Er** are selected as the representative rare earth ions, and their
optical properties, such as luminous power and fluorescence lifetime, when
doped in different substrates, such as crystals, ceramics, and fibers, are
introduced, respectively, to illustrate their feasibility as infrared laser gain
media. In addition, we show the different optical properties when doped with
two ions, three ions, and four ions, demonstrating their great potential as infrared
laser gain media.
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1 Introduction

Due to the quick development of infrared laser technology, it is now widely used in
different industries. Near-infrared lasers are commonly used in laser weapons, clinical
surgery, precision machining, encrypted communications, etc. Mid-infrared lasers can be
applied to spectral measurement, medical treatment, and remote sensing, while long-wave
infrared lasers can achieve atmospheric detection and infrared photoelectric
countermeasures [1]. There are many methods to obtain infrared lasers, including
semiconductor quantum cascade lasers, free electron lasers, chemical lasers, gas lasers,
frequency-doubling lasers, and directly pumping solid-state lasers. For semiconductor
quantum cascade lasers, their advantages are their small size and high efficiency, but their
structure is complex, the output power is small, and the beam quality is poor. Free electron
lasers can generate high power and are easy to continuously tune, but they are bulky and
expensive. Chemical lasers rely on chemical reactions to provide energy, with high output
energy and good beam quality. However, toxic chemical byproducts are produced during
chemical reactions, and the required raw materials are also relatively expensive. As a
nonlinear laser, frequency-doubling lasers have a wide tunable spectral range and high
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repetition rate, but they also suffer from complex structures and
expensive prices. The principle of direct solid-state lasers is relatively
simple, and they can easily achieve high-power and high-efficiency
laser output.

Directly pumping solid-state lasers can be divided into two
groups based on gain media: solid-state lasers doped with rare earth
ions and solid-state lasers doped with transition metal ions.
Transition metal ion-doped solid-state lasers lack suitable pump
sources, and it is hard to attain high energy output at room
temperature with significantly reduced upper level lifetime. For
rare earth ion doping, 11 trivalent ions, namely, Ce, Dy, Ho, Nd,
Tm, Sm, Pr, Eu, Tb, Er, and Yb, and three divalent ions, namely, Dy,
Sm, and Tm, have achieved laser output in rare earth elements. Their
energy level structure is rich. The same ion has multiple emission
peaks, which can achieve a multi-wavelength laser output. The mid-
infrared solid laser based on rare earth ion doping has a small
volume, high conversion efficiency, good beam quality, a wide
tuning range, and many operation modes. Therefore, the
proportion of gain medium doped with rare earth ions as active
ions is very large at present, which has become a research hotspot in
this field [2].

However, low damage thresholds, poor thermal performance, and
poor stability of the matrix materials limit the power increase. Therefore,
the selection of suitable matrix materials is an urgent problem to be
solved. Therefore, in this review, Ho>", Tm®*, and Er’**, that is, three kinds
of ions that have been extensively studied at home and abroad, are
selected as representatives, and their optical properties when doped into
different crystals, ceramics, fibers, and other different substrates are
introduced, respectively, which shows the feasibility of using them as
infrared laser gain media. In addition, we show the different optical
properties when doped with two ions, three ions, and four ions,
demonstrating their great potential as infrared laser gain media.

2 Characterization of Ho** doping in
different substrates

Ho®* is a kind of rare earth ion, which is the main doped material
in the gain medium of the laser. In different substrates, the laser
performance can be different. A wide-band emission from 1930 nm
to 2130 nm was achieved using holmium-doped Al,O; glass as the
gain medium in the first, which was an important step from
2 microns to a silicon-based laser source on a high-performance
chip in the 2.2-micron wavelength range [3]. Holmium ion-doped
aluminum germanate glass suitable for potassium-sodium ion
exchange waveguides was made using the high-temperature
melting method. The Ho**-doped aluminum germanate glass has
effective near-infrared fluorescence emission and stable waveguide
performance when using 644-nm pumping light, which indicates
that the Ho*"-doped aluminum germanate glass is a potential gain
medium for ~1.2-um waveguide lasers [4].

In Ho®'-doped substrates, optical fibers, such as ZrF,-BaF,-LaF;-
AlF;-YF; glass fiber, are most commonly used. When Ho™" is doped
into the ZBYA glass fiber, the single cladding structure of the Ho*"-
doped ZBYA glass fiber can be obtained under the pump of a 1150-nm
laser to achieve a laser output of ~2.9 pm [5]. In addition to glass fibers,
there are CaYAIO, single-crystal fibers. It is now possible to grow
CALYO single-crystal fibers doped with different concentrations of
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Ho’* by the micro-pulling-down method. After measuring and

analyzing the polarization absorption spectrum at ambient
temperature, fluorescence spectrum, and fluorescence decay curve, it
was found that Ho™ has a higher gain cross section and longer °I; level
lifetime than other rare earth ions, which provides a higher power
reserve capacity for pulsed laser operation, so Ho** ions are utilized to
achieve laser emission at a wavelength of approximately 2 um [6]. The
polarized absorption spectra of Ho:CALYO crystal fibers doped with
0.5 and 2.0 at% of Ho*" in the wavelength range of 300-2100 nm at
room temperature are shown in Figures 1A, B. The spectra of Ho:
CALYO crystal fibers consist of seven groups of bands, which are
attributed to the transitions from the °I3 ground state to the excited
states, namely, °Gy, °Gs, *F1+°Gg, *F4+°S,, °Fs, °lg, and °L,, respectively.

Using near-infrared waves cannot produce more than 4 pum
wavelength of light. With long wavelength laser drives, high-order
harmonic generation conversion efficiency is low. In order to solve
these problems, Krishna Murari et al., based on a Kagome hollow
photonic crystal fiber, proved that 3.3 ps at 140 uJ pulse can be
compressed to 48 fs at 11 uJ pulse, and the focus intensity of 1013 W/
cm’ can be reached [7]. Through the study of Ho’*-doped 2-um
band ultrafast laser amplification technology, research progress has
found that due to the emission wavelength exceeding 2 um, Ho*'-
doped laser media absorbs less water vapor in the atmosphere, thus
making it easier to transmit in the air, reducing the requirement for
stable operation of the laser and simplifying laser design. Moreover,
since it supports the broadband emission spectrum generated by
ultrashort pulses and has the advantages of small quantum loss and a
long upper level lifetime, it is mostly used in ultrafast laser amplifiers

with large energy in the 2-pm band [8].

3 Characterization of Tm** doping in
different substrates

Tm?* is also a kind of rare earth ion, which is also the main
doping material in the gain medium of the laser. Tm®" can be doped
in glass, for example, a high-concentration Tm®* ion-doped fluoro-
tellurate glass sample prepared using high-temperature melting
Judd-Ofelt
spectrum analysis, it can be seen that it has a high probability of

technology. Using the theory and absorption
spontaneous radiation, a large emission area and gain coefficient,
and a fast inter-ion energy transfer rate. Therefore, it is concluded
that fluoro-tellurate glass has a high luminous efficiency in the ~2-
pm band [9]. In addition, the Tm®*-activated tellurate glass core/
borosilicate glass cladding fiber was prepared by the in-tube melting
method. It has a good structure and negligible element diffusion,
which can enhance the laser action of ~2 pm [10]. In addition, Tm**
can also be doped in semiconductors. Ozarfar Gafarov found that
Tm is the material of choice for entering the mid-infrared region
when doped into the II-VI semiconductor, which has wide infrared
transparency, low phonon frequency, and low optical loss. However,
the growth of large crystals with a good optical quality is difficult;
they can be replaced by Tm ions to grow Il1-VI materials and then by
using the thermal diffusion doping method so as to become a more
suitable gain medium [11].

In addition to the above two substrates, crystals are more
commonly used in Tm*-doped substrates. Liu et al. grew Tm™":
CayoLi(VO,); single crystals using the Czochralski method and
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(A, B) Polarized absorption spectra of Ho:CALYO crystal fibers at Ho®* concentrations of 0.5 at% and 2 at%. Reprinted with permission from ref. [6].
Copyright (2023) Elsevier. Gain cross sections of the *F,—®Hg transition in YPO, crystals doped with Tm**. (C) n-polarization. (D) o-polarization. Reprinted

with permission from ref. [13]. Copyright (2023) Elsevier.

annealed them in air to eliminate oxygen vacancies and upgrade crystal
transparency. By measuring its coefficient of thermal expansion and
gain distribution over a certain range, it can be observed that Tm™":
CayLi(VO,); is extremely hopeful for wide tunable ultrashort pulse
lasers with a 2-um proximity [12]. Sun et al. successfully grew tetragonal
Tm?*:YPO, single crystals using the high-temperature solution method
with an absorption band bandwidth near 800 nm, m-polarization of
13.1 nm, and o-polarization of 22.5 nm. The gain cross sections of the
Tm*":YPO, crystal with different values of f ( =0.1,0.2, ..., 0.9) are
shown in Figures 1C, D. The spectral mass factor of Tm**:YPO, single
crystal is 1.71, and when the excited ion fraction B is > 0.5, the
uninterrupted positive gain range can reach 270 nm. All these
denote that YPO, crystals doped with Tm®" are a laser medium of
approximately 1.9 um [13]. When Tm® is doped in the crystal, it is
greatly affected by the temperature. When the temperature is 77 K, the
highest slope efficiency obtained is more than five times the slope
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efficiency at 300 K. As the temperature drops from 300 K to 77 K, the
laser threshold is reduced by a factor of two [14]. In the field of high-
energy ultrafast laser amplification technology, new gain devices with a
large surface area and high thermal damage threshold can effectively
solve the problem of thermal management during the amplification
process. By combining efficient low-temperature cooling methods, the
heat dissipation efficiency of the gain medium can be improved, which
is expected to become a potential technological path for achieving
ultrafast lasers in the 100 mJ and kilowatt 2-um bands [8].

4 Characterization of Er** doping in
different substrates

Because of their complex energy-level structures, Er’*-doped
laser materials have drawn a lot of attention in recent decades for
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(A,B) MIR spectra in imparity bands of Er** by 650-nm LD pumped, (C) energy level structure of Er** by 650-nm LD pumped, and (D) gain spectra of

the ~3.5-pm band. Reprinted with permission from ref. [24]. Copyright (20

application in visible and infrared solid-state lasers. Er’*-doped
crystals have a quasi-three-level structure. The use of different
wavelengths of pumping light makes the ground-state atom
transition energy levels different, and because of the different
Er**-doped material, the excited-state photon transition from
high energy levels to low energy levels is also very different [15].
Er’" is often doped in ceramics and glass. The high-quality 5 at%Er:
SrF, transparent ceramics were prepared by chemically derived
powder hot pressing at 700°C for 40 h. Its emission spectrum
exhibits the mightiest emission band at 2735 nm, which implies
that a laser output of approximately 2.7 pm can be achieved in 5 at%
Er’" ion-doped SrF, transparent ceramics [16]. Wang et al. achieved
efficient passive Q-switching of Er:Lu,O; ceramic lasers with a
semiconductor-saturable mirror based on a Bragg mirror. The
shortest pulse duration and highest peak power generated by
Q-switched Er:Lu,O; lasers can be achieved with a passive
Q-switched Er:Lu,O; ceramic laser at 2.7 um, proving that Er:
Lu,O; ceramics are a promising laser gain medium at 2.7 pm
[17]. However, using ceramic as a substrate also has its problems.
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22) Elsevier.

For example, Er:Y,0; ceramics have a serious optical diffraction
loss, but replacing them with Er:Y,O; crystals can avoid
this problem [18].

A more common substrate for Er’* than ceramics is glass. Er’*-
doped ZnF,-BaF,-SrF,-YF; (ZBSY-e) glass has a strong emission of
2740 nm under the excitation of a 978-nm laser. At a fixed excitation
power density, the emission intensity is higher than that of erbium-
doped fluoroaluminate, fluorozirconate, and fluoroindenate glasses,
which are potential gain media for 2.7-um lasers [19]. The Ag-doped
biosilicon-borotelluride glass doped with Er’* nanoparticles
prepared by melt quenching technology shows a high emission
interface, and it is also a potential erbium-based gain medium, as
confirmed by a detailed calculation of its laser parameters [20]. In
order to obtain efficient infrared and mid-infrared luminescence
properties, the new germanosilicate zinc glass with heavy Er’*
doping has caught one’s eye in the field of near- and mid-
infrared applications in recent years because of its superior
parameters [21]. The fluorescence of 3.5 um was achieved in the
fluoroindate glass under 635 nm excitation. By measuring the energy
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lifetime of Er’** in the sample and calculating the vibrator intensity
parameters using the Judd-Ofelt theory, it was found that
fluorinolate-glass-doped Er’* is a potential gain medium for 3.5-
um lasers [22]. By comparing different doping concentrations, it is
found that the sample doped with 2 mol%Er (IZSB-2Er) has the
longest fluorescence lifetime, the highest quantum efficiency, and
the largest emission cross section. So the glass will be a suitable
medium for achieving high-quality 2.7-um fiber lasers [23]. In
addition to glass, Er’* can also be doped in halogenated glass. As
the MIR spectra and energy level structure are recorded in Figure 2,
when the 650-nm LD is excited, the particles in the ground state
directly jump to “Fgs, which is in the upper level of ~3.5um
transition luminescence, and then down transition to the ground
state stepwise. As a result, when the concentration is further
increased, both the number of energy-absorbing particles and the
luminous intensity increase significantly, as shown in Figure 2. In
addition, the gain coefficient is often used to evaluate the effect of the
matrix material on luminescence performance. The lower the
coefficient, the more conducive the matrix is to luminescence.
Once again, the gain coefficient of 0.5 in the gain spectra proves
that the oxyhalide glass has excellent luminescence performance and
high gain in the ~3.5-um band [24].

5 Characterization of co-doping of
multiple rare earth ions

In rare earth ion doping, there is more multidoping than single
doping. In multidoping, the co-doping of two ions is the main
doping type. Compared to Dy’*" single-doped CaYAlO, crystals,
Yb**/Dy** co-doped crystals have a strong 2.9-pm emission, and
their upper-laser-level lifetime is longer, which is conducive to
particle population inversion and 2.9-um laser behavior [25].
NaYF,:Yb**/Tm*" microcrystals prepared by the hydrothermal
method can achieve upconversion laser emission at 291, 346,
and 364 nm, showing excellent upconversion luminescence
performance [26]. Y,05; ceramics-doped Ho and Yb prepared
using the discharge plasma sintering method have a strong
emission cross section and a full half-peak width of 208 nm.
These consequences show that Y,O; ceramics-doped Ho and
Yb are a positive medium for a laser gain of approximately
2um [27]. Based on the ~3-um laser of Ho’'/Pr** co-doped
AlF;-based glass single-clad fiber, by pumping the gain fiber
with a single-mode 1150-nm fiber laser, the laser output
wavelength of 2.87 um can be gained [28]. There are also Er’'/
Tm*":CalaGa;0; crystals grown using Czochralski technology.
Through detailed spectral analysis, it is known that the 980-nm
excitation of the Er’**/Tm*" co-doped CLGO crystal is the most
suitable for the laser application of a 2.7-um laser. The enrollment
of Tm** reduces the fluorescence span of Er**:*I,3,, so it may be a
hopeful mid-infrared gain medium for intensified 2.7 pm lasers at
980-nm pumping [29]. For ZrF,-BaF,-LaF;-AlF;-YF; zirconium
fluoride glass co-doped with Tm®" and Dy** ions combined by the
the addition of Tm®"
significantly improves the mid-infrared emission intensity of

high-temperature melting method,
2.9 um and prolongs the fluorescence lifetime [30]. Er:Yb:glass

is a commonly used 1.5-um medium with a short length, high gain,
long fluorescence life, low cost, and 95% erbium-ytterbium energy
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conversion efficiency. The heat accumulation process inside the Er:
Yb:glass when it is used as the gain medium is carefully calculated
using the finite element analysis method, and the influence of non-
bonded and bonded crystals and different pumping wavelengths,
power, and beam waist radius on the thermal effect of the crystal is
quantitatively analyzed, which provides optimization conditions
for further designing Er:Yb:glass with better thermal performance.
It also provides a theoretical basis for obtaining a 1.5-pm laser with
high power and high beam quality [31].

In addition to the co-doping of two ions, there are also three or
even four ion co-doping cases. Liu et al. discovered that in Yb*, Er’Y,
and Ho’' triple-doped TeO,-BaF,-LaF;-La,0; fluoro telluride
glass, the glass conversion temperature is higher and the OH~
absorption is lower than in Yb**/Ho*" co-doped. Er’* functioned
as an energy-conveying bridge between Ho** and Yb** ions, and
after additional introduction, a greater 2.85-um emission was
created. As a result, the energy transfer efficiency increased to
96.2% due to the establishment of more energy transfer channels.
This indicates that a better gain medium substance for 3-pm fiber
lasers is anticipated to be Yb**, Er**, and Ho®* triple-doped telluride
glass [32]. When doping, changing just one ion can make a
difference. For example, in comparison between CaLaGa;O;-
doped Er’*, Yb**, and Ho’* and CalaGa;0,-doped Er**, Yb*,
and Eu’" grown using Czochralski technology, both ions can
reduce the lower laser energy level by energy spread, but for Er’*,
Eu™ is a better ineffective ion than Ho®>* when they are acting on a
crystal, and therefore, Er’*/Yb**/Ho’":CalaGa;O; is a better
potential medium for mid-infrared gain [33]. The Czochralski
technique can be used to generate GYSGG (Gd,YSc,Gas;04;)
single crystals co-doped with Yb*', Cr’*, Ho>, and Pr**. Yb**
and Cr’" exist as sensitizers of Ho’* ions in this co-doped crystal.
Compared with the GYSGG crystals doped with Cr, Yb, and Ho
ions, Pr’* ions as passivating agents can effectively reduce the life
span of low-laser level °I; of Ho®* ions. These findings signify that
GYSGG crystals doped with Cr, Yb, Ho, and Pr constitute a unique
kind of laser gain mediator that is resistant to radiation in radiation
environments. In short, there are many examples of ion co-doping.
They change the properties of the medium through the interaction
and influence between ions and have a great effect on practical
applications [34].

6 Conclusion

Rare-earth ion doping as the gain medium of infrared lasers is a
hot topic in current research. In this review, the optical properties of
Ho mixed into different salt glasses or glass fibers, Tm mixed into
different glasses, semiconductors, and crystals, and Er mixed into
different ceramics and glass all show that they can be used as
potential gain media for infrared lasers, but there are great
differences in different bands. When a variety of ions are co-
doped, compared with single doping, the laser emission power
can be further improved, the luminous performance can be
optimized, and it is better applied in practice. Although the
infrared tunable laser can output high power and energy at
present, the development prospect of a doped rare earth ion laser
is still very large, and it can be deeply studied from the aspects of
crystal preparation technology, pump source, resonator, and putting
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forward new solutions to further improve the performance of the
laser so that it can be applied in a wider range of fields.
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