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ABSTRACT 
Manas Bimagambetov: Glass-based materials development for MIR applications at 2.7µm Bache-
lor of Science Thesis 
Tampere University 
Bachelor’s Programme in Engineering and Natural Sciences  
December 2021 

 

 
The goal of this thesis was to review the work performed worldwide on the development of novel 

optical glass-based materials for mid-infrared sensing applications. The study focused on tellurite, ger-
manate and phosphate glass and glass-ceramics. The I11/2 → I13/2 

4
 

4   transition of Er3+ under 980 nm 

laser excitation corresponding to a 2.7 µm emission was targeted  
 
This thesis describes the applications targeted in the mid-infared region and how glass could be the 

best support to reach those applications. A review of the materials used for the specific 2.7 µm emission 
is made: mid-infrared glasses doped with Er3+ are interesting when a typical 980 nm laser diode is used 
for excitation. A literature review on the different techniques used to improve the 2.7 µm emission is 
also presented.  
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1 INTRODUCTION 

The demonstration of the laser effect nearly 60 years ago marked the beginning of the era of 

optics and photonics [3, 4]. Since the beginning of the 21st century, photonic technologies have 

become more and more ubiquitous in everyday life and in a wide variety of sectors. Today, 

the influence of photonics in modern technology is still growing and an even greater effect in 

the next decades is foreseeable. Optics and photonics have undergone remarkable techno-

logical developments over the past decades and have established themselves as key enabling 

technologies for a wide variety of industries. The magnitude of the impact of photonics in tech-

nology can be measured by the number of innovations developed using photonics. In 2011, 

12 of the top 50 innovations listed by Time Magazine used optics and photonics as a core 

technology [5].  

Coherent mid-infrared (MIR) light sources have recently gained popularity in research and 

development because of rotational and vibrational absorption peaks of molecular gases (such 

as pollutants and greenhouse gases) absorbing in the MIR region. At 2.4 µm, 2.7 µm, 2.8 µm 

3.3 µm and 3.5µm, respectively, CO, H2O, CO2, CH4 and NO2 show high absorption peaks. 

MIR light sources could be then used for sensing molecules and that technology might be 

used to detect and monitor air pollution from industry and airplanes, as well as the detection 

of drugs and explosives for security screening. Water absorbs strongly at 2.7 µm, making MIR 

Light sources also useful in sectors such as medicine, remote sensing, and environmental 

monitoring [6, 7].   

Er3+ doped materials are becoming a research hotspot because of the emission of Er3+ ions 

at 2.7 µm, and the convenient pumping wavelength; indeed the absorption bands of Er3+-ions 

correspond to the widely accessible and low-priced 808 nm or 980 nm LD [8]. To achieve 

emission at 2.7 µm, it is necessary to consider both the active ions and the host material. 

Selecting a suitable host material is crucial because of the emission wavelength. However, 

because the Er3+ transition I11/2 → I13/2 
4

 
4  has low energy, multi-photon relaxation may domi-

nate infrared emissions when the glass contains high phonon energy [9, 10]. Germanates and 

tellurite glasses, for example, have maximal phonon energies of roughly 900 𝑐𝑚−1 and 700 

𝑐𝑚−1, appropriately making them low-phonon-energy glasses with excellent MIR transmis-

sion. They are much more acceptable as hosts for MIR emission than silicate glasses with 

maximal phonon energy of around 1100 cm-1 [11]. 

Beyond the introduction, the thesis moves on to Chapter 2, which covers the fundamentals 

of MIR region and glass theory and processing. A specific focus is then made on the 2.7 µm 

emission in Chapter 3. Finally, Chapter 4 develops the recent findings on the enhancement of 

the 2.7 µm emission supported by research papers.  

  



 

8 
 

 

2. BACKGROUND 

2.1 MIR spectrum and its applications 

2.2.1 Targeted applications in MIR region 

Mid-infrared region is the region between 1 and 20 µm and has been targeted for a variety 

of applications such as gas detection, chemical analysis or medical diagnosis [12]. Many 

greenhouse gases or other polluting molecules, as seen in Figure 1, have intense absorptions 

(strong characteristic vibrational and rotational transitions) between 2 and 5 µm (CH4, H2O, 

OH, CO2, SO2, N2O, CO, O3). The intensities of these chemical species’ absorptions are 

shown according to their wavelength. MIR spectroscopy is also an effective chemical analysis 

technique for detecting biomedically important constituents such as DNA/RNA, proteins, car-

bohydrates, lipids, as well as diseases that may cause changes in the chemical signature of 

a biological systems. [9] 

 
Figure 1. Mid-infrared absorption spectra of selected molecules with their relative intensities. 
H2O: water; CO2: carbon dioxide; CO: carbon monoxide; NO: nitric oxide; NO2; nitrogen diox-

ide; CH4: methane; O3: oxygen; NH3: ammonia [48]  
 

MIR region is then critical to reach for detecting and processing a wide range of molecules. 

Recent advances in spectra acquisition techniques and advanced materials fabrication has 

made of IR spectroscopy a new powerful sensing instrument: MIR spectroscopy wavelength 

in range 2-20 µm, today offers molecular knowledge with trace to ultra-trace sensitivity, rapid 

data acquisition speeds, and high spectral resolution, making it suitable for challenging appli-

cations such as bio analytics and routine processing [48].  
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2.2.2 Materials for MIR applications 

To satisfy the expanding demands of these applications, there has recently been a rise in 

interest in innovative Mid-infrared optical materials and associated device implementations. 

Among the compositions, the most promising glass composition for the manufacturing of Er-

bium-doped is GC-materials and polymers. Typically doped with RE ions, GCs integrate glass 

features (great compositional and geometrical flexibility) with several of the features of RE-

doped single crystals (higher absorption, emission and lifetimes). Low-phonon-energy crystals 

and glasses with rare-earth doping are promising lasing media in the 2-3 µm range. Low pho-

non energy hosts, such as germanate, chalcogenide, tellurite, or fluoride glasses, favor the 

RE ions' radiative transitions and enable specific radiative transitions at wavelengths that 

would otherwise be quenched in silica or phosphate glasses (for example, the transition 4I11/2 

→ 4I13/2 results in emission at 2.7 µm). Low phonon energy hosts, on the other hand, do not 

have the same physical and chemical characteristics as silicate or phosphate glasses. 

 

2.2 Sensing 

2.2.1 Principle of sensing 

Raman and infrared spectroscopies have been used to explore the crystallization process as 

well as the structural, optical, and luminescence features of Er3+-doped phosphate glass-ce-

ramics.  

ATR is one of the most often used techniques in Fourier Transform Infrared Spectroscopy 

for analyzing materials (FTIR). The FTIR approach is popular because it enables the study of 

solid and liquid samples in their purest form, hence facilitating the evaluation of nearly any 

material. ATR spectroscopy is a method for determining the structure and composition of a 

material. A beam of light is focused on the sample in spectroscopy. The powerful way length 

for this communication relies upon a few boundaries and is regularly a small amount of a 

frequency. In view of the little light entrance profundity, the ATR method is great for profoundly 

absorbing samples and for surfaces and flimsy film estimations. By and large, the ATR spectra 

are like customary transmission; notwithstanding, for thick examples when spectra are rec-

orded at points more prominent than the basic one, the frequency reliance is noticed [55]. 

The sample is in contact with an FTIR crystal. Infrared radiation penetrates through the 

crystal and reacts with the sample on the NPBO crystal's surface. Due of the two materials 

dissimilar refractive indices, complete internal reflection occurs. This reflection results in the 

formation of an "evanescent wave" that propagates deep inside the sample. Depending on 

the sample's composition, a tiny amount of infrared light is absorbed during the interaction of 

the attenuation wave with the sample, resulting in a slightly attenuated total reflection. 
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Figure 2. Evanescent wave resulting from total internal reflection 

 

The penetration depth indicates how deeply the evanescent wave penetrates the sample. 

If analyte molecules are present on the waveguide surface or within 𝑑𝑝, they may interact with 

the evanescent field generated at the waveguide sample interface, resulting in attenuation of 

the propagating wave at frequencies in resonance with the corresponding molecular vibrations 

and/or rotations [53]. 

𝑑𝑝 =
𝜆

2𝜋𝑛1√𝑠𝑖𝑛2𝛳−
𝑛1
𝑛2

, 

 

where 𝜆  is wavelength of incident light in vacuum, 𝑑𝑝 is a penetration depth, 𝑛1 is a refractive 

index of ATR crystal (dense medium) and 𝑛2 is a  refractive index of sample (rare medium).  

 

Absorption inside the evanescent field follows a pseudo Beer Lambert relationship, allowing 

for measurement of the chemical signatures gained [52]. Lambert and Beer's Laws associate 

the radiant power of a beam of electromagnetic radiation, most commonly ordinary light, to 

the length of the beam's passage in an absorbing medium and the concentration of the ab-

sorbing species, respectively. 

 

log (
𝐼0

𝐼
) = 𝐴 = (𝟄𝑪𝑳)𝒓 

 

where 𝐼 and 𝐼0 are irradiance of light measured by detector and initial irradiance, respectively  

 

It asserts that the absorbance of a material sample is directly related to its thickness 

(path length) and attenuating species concentrations. Pierre Bouguer identified the relation-

ship between absorbance and material thickness before 1729. The Beer-Lambert Law never 

fails [53] when monochromatic light is utilized and [54] when the concentration component in 

the law is the concentration of the absorbing species. Clearly, the rule will not hold in general 

if another species' concentration is added as c, even if the absorbing species is in equilibrium 

with the other species [53]. Chemical analysis measures are the most common place where 

the legislation is used in practice. Attenuation of solar radiation by aerosols - suspensions of 
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small solid particles or liquid droplets is another real-world phenomenon that may be explained 

by Beer-Lambert equation. 

 

 

Due to the fact that the number of reflections is inversely proportional to the thickness of 

the waveguides, reducing the thickness of the waveguide layer directly affects the dielectric 

constant at the interface, which is influenced by the materials, cross-sectional dimensions, 

and thickness of the waveguide as shown in Figure 3.  

 
Figure 3.Planar waveguide with sample, waveguiding, and substrate layers with nwg > 

ns, n[51] 

2.2.2 Waveguide fabrication 

The literature gives many examples of the use of optical fibers and thin films for MIR appli-

cations.  

2.2.2.1 Film deposition 

Thin film is the name given for sub-µm thick layer of glass deposited on a substrate. Thin 

film deposition technology allows us to fabricate planar waveguides or channel waveguides 

which provide different light propagation properties. There are many techniques to use to 

deposit films.  

For example, from the sol-gel chemistry technique, two simple ways of thin film fabrica-

tion are possible: spin-coating and dip-coating. In the sol-gel chemistry technique, the 

inorganic polymerisation processes are used to create an oxide network from molecular 

precursors. The sol-gel process has various advantages such as it does not require power-

consuming, expensive equipment is much more economical and it is environmentally 

friendly. This technique also allows to obtain materials of complex chemical composition 
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and structure and coatings of remarkable purity with the required properties. In this chemical 

procedure, the symbol " sol " (colloidal solution) gradually evolves to form a gel like two-

phase system containing both the liquid phase and the solid phase. Removing the remaining 

liquid (solvent) stage requires a drying process usually accompanied by a significant amount 

of shrinkage and densification. Heat treatment or roasting is often necessary to promote 

further polycondensation and improve mechanical and structural properties stability through 

final sintering, densification, and grain growth. One clear advantage of using this methodol-

ogy over more traditional processing methods is that densification is often achieved at much 

lower temperatures. The sol-gel approach is a low cost and low-temperature method that 

allows precise control of the product's chemical composition. Even small amounts of alloying 

agents such as organic dyes and rare earth elements can be introduced into the “sol” and 

ultimately evenly dispersed in the final product. It can be used in the processing and pro-

duction of ceramics as a material for investment casting or the production of thin film metal 

oxide films for various purposes. Materials based on sol-gel are used in multiple applications 

in optics, electronics, energy, space, (bio) sensors, medicine. 

The sol precursor can be applied to a substrate with film formation (e.g. by dip coating or 

rotating coating), cast into a suitable container of the desired shape (e.g. to produce mono-

lithic ceramics, glass, fibres, membranes, aerogels), or used for powder synthesis (e.g. mi-

crospheres, nanospheres).  

 

 
Figure 4: spin-coating process (left) and Dip-coating process (right) (L. E. Scriven, 2011) 
 

Films can also be obtained based on vacuum processes. These processes are typically cate-

gorized based on physical vapor deposition (PVD) and chemical vapor deposition (CVD).[49] 

- PVD is a general concept for quantifying processes for film deposition. The material 

goes from a condensed phase to a vapor phase and then back to a thin film condensed 

phase.in a partial vacuum setting. Coatings are highly scratch- and corrosion-resistant. Elec-

tron-beam evaporation deposition, pulsing laser deposition, molecular beam epitaxy, and 

sputtering are all examples of PVD techniques, as are other types of deposition processes.[38] 

PVD method provides high quality material but is expensive and may need a substantial quan-

tity of material. 
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Figure 5: Simplified model of physical vapor deposition (PVD) 

 

- CVD is commonly used around the world because it is possible to manufacture suffi-

cient-quality thin films at a lower cost. A method of producing high-purity solid materials. The 

process is often used in the semiconductor industry to create thin films. Typically in the CVD 

process, a substrate is placed in a vapor of one or more substances that react and decompose 

to produce the desired substance on the surface of the substrate. The gaseous reaction prod-

uct is often formed, which is carried out of the chamber with the gas flow [49]. The main feature 

of CVD technological methods is the flow of chemical reactions between the gas constituents 

of the working atmosphere, which leads to the formation of thin solid layers on the surface of 

the base material. This is possible under strictly defined thermodynamic conditions, primarily 

at high temperatures and corresponding pressures. 

 

 
Figure 6: Chemical vapor depositions (CVD) 

 

 

2.2.2.3. Fiber drawing process  

The main advantage of optical fiber is the flexible property of this material. Optical fiber is 

mainly used for telecommunications (silica optical fibers). The commercialized optical fiber is 

coaxial in structure, with a core to guide light and a clad, surrounded by acrylate coating.  
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Figure 7: Core-clad fiber  

 

- The melt quenching method is well adapted to the fiber drawing process because glass 

preforms can be easily realized in a preheated mold. The melting process to process a glass 

rod can be explained by the schematic below.  

 

 
Figure 8: Representation of the different steps of the melt-quenching method : 1- Mixture of 

raw materials, 2- melting at high temperature, 3- Quenching 

 

The Figure 8 displays the elements that make up a drawing tower. A furnace generates heat 

at a specific position of the glass rod. The glass rod is softened during the furnace heating 

ramp until fall because of gravity as soon as the viscosity of the rod decreased enough. A 

glass rod composed of a top part, a fiber part and a lower part is then obtained as visible on 

the left part of the Fig 8. Inert gas is used to avoid atmospheric pollution in the glass. and 

unfavourable oxidizing environment inside the heating zone. The translation system allows to 

feed the heating position with adjusting the position of the glass preform. The diameter and 

tension measuring tools enable the fiber diameter and pulling force to be evaluated. A UV 

lamp is available if the fiber needs to be coated with a polymer layer and finally a drum is 

available to store the newly processed optical fiber. Throughout the fiber drawing process, this 

flow is maintained. 
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Figure 9: Glass rod geometrical evolution during drawing process (left) and drawing tower 

(right) [39] 
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3. GLASS-BASED MATERIALS FOR MIR EMISSION 

3.1. Glass-based materials 

3.1.1 Glass definition and glass formation theory  

Although glass has all the mechanical properties of a solid, it is a material presenting the 

properties of a “frozen liquid”. Glass is an amorphous (non-crystalline) solid, meaning that no 

long range order is visible in its composition: atoms are almost randomly arranged in the glass 

matrix. Only a short-range order is visible in glass, meaning that molecules keep present as 

molecules (SiO2 stays SiO2 in the glass, for example). The distinction between a crystal, a 

liquid, and a glass is seen in Figure 9.  

 
Figure 10: Two-dimensional schematic of a SiO2 atomic structure in a (left) crystalline mate-

rial, (center) liquid and (right) amorphous material [11] 
  

We can see in figure  that glass has the atomic structure of a liquid but still has the mechanical 

properties of a solid. Glass, unlike crystals, lacks a long-range periodic structure and lattice 

since bond orientations differ greatly. That atomic structure of glass induces its thermal prop-

erties. They would not have a clear melting point; rather, their viscosity drops dramatically at 

a specific temperature (glass transition temperature). The figure 11 shows how a crystal and 

a glass cool down at low temperature. 
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Figure 11: Schematic plot illustrating the change in specific volume of a glass with tempera-

ture [12] 
 

We can see in Figure 10 two paths for the solidification process: number 1 is related to the 

crystal formation and number 2 is related to the glass formation. When a liquid is cooled down, 

it usually follows path number 1 and exhibits a temperature where the crystal formation occurs 

(Tf). A volume reduction is linked to the atomic structure arrangement and the newly formed 

crystal continue to cool down. Glass exhibits the presence of a distinct glass transition tem-

perature (Tg). If the liquid batch is cooled quickly enough to solidify it, the atomic structure will 

not be able to arrange itself, and the liquid will become solid without structural arrangement 

(path 2). We then obtain a supercooled liquid (highly viscous liquid), which exhibits a Tg. At 

Tg, the viscosity of the liquid reaches the value of 1013 poises. Below that temperature, we 

have a glass, which is an amorphous solid. 

 

One of the main advantages of glass is that there is theoretically an infinity of glass mate-

rials due to the ability to change the glass composition. Thanks to this, we can pick a glass 

family and adapt the composition depending on the properties we need (refractive index, op-

tical transmission, glass transition temperature).  

In addition to the glass matrix, we can add a variety of dopants elements, including rare-earth 

(RE) ions, to modify or add some properties to the glass. Those elements will be inserted into 

the glass structure and modify the properties of the glass. Rare-earth dopant, specifically, will 

allow to give new optical properties to a glass such as luminescence properties. Among other 

things, these properties make glasses excellent hosts for optical and photonic applications. 

 

3.1.2 Crystals in glass 
 

Even in daily life, glass-ceramics are used in various applications, including cookware, elec-

tric stovetops, building materials, telescope mirrors, liquid crystal displays, solar cells, and 

photonic devices [40]. Due to the vast amount of interest in this nanostructured material, re-

searchers have been focusing their efforts on characterizing the crystallization mechanisms 
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of numerous glass families, including silicate [4, 5], tellurite [6], and chalcogenide glasses [7], 

to name a few. A glass-ceramic is often not entirely crystalline; the microstructure is typically 

50–95 % crystalline, the balance being residual glass. During heat treatment, one or more 

crystalline phases may emerge, and since their composition is generally distinct from the pre-

cursor (parent) glass, the leftover glass's composition is likewise different from the parent 

glass. Despite the fact that glass-ceramics are a transitional material between glass and crys-

tal, there is the possibility of obtaining the best properties of each of these two materials, as 

well as the simplest method of fabricating a glass with crystal-like spectroscopic properties 

due to the ability of some crystalline phases to selectively partition optically active ions into 

the crystal phase[41, 42]. The highest vibrational energy of the crystal phase may also be 

lower. This minimizes the potential of non-radiative relaxations from the exciting stages of the 

RE, hence improving the radiative decay paths [41].  

A crystalline environment may alter the luminescence qualities in addition to modifying the 

composition surrounding the Er3+ ions. The crystals may precipitate as a result of a thermal 

treatment of the glass. Crystals may be put to the glass as well. RE ions are homogeneously 

distributed throughout the glass matrix in RE-doped glasses, however RE ions may be inte-

grated in a crystalline structure isolated from the glass matrix in RE-doped GCs and particles 

containing glasses. 

3.1.3 Glass-ceramic method 

A glass-ceramic is a glass containing crystalline phases in its structure. Those crystals are 

produced by heat treatment process [43]. During heat treatment, one or more crystalline 

phases may emerge, and their composition is generally distinct from the precursor glass. Even 

though glass-ceramics are a transitional material between glass and crystal, there is the pos-

sibility of obtaining the best properties of each of these two materials [41, 42]. The highest 

vibrational energy of the crystal phase may also be lower. This minimizes the potential of non-

radiative relaxations from the exciting stages of the RE, hence improving the radiative decay 

paths [41]. It is critical to highlight that specific glass compositions are appropriate as precur-

sors for glass-ceramics. Some glasses, such as conventional window glass, are too stable 

and difficult to crystallize, while others crystallize too quickly and uncontrollably, resulting in 

undesired microstructures. 

 

Glass-ceramics, when doped with RE ions, combine glass qualities with specific benefits 

of RE-doped single crystals (increased absorption, emission, and lifetimes). Furthermore, 

these materials have outstanding mechanical qualities such as compressive and bending 

strength [14] and outstanding thermal endurance. Numerous families of Glass-ceramics have 

been examined in terms of crystallization mechanisms, including tellurite [15], chalcogenide 

[14], silicate [17], and phosphate glasses [14]. It provides information on how the crystallization 

process is affected by temperature.  

 

Glass-ceramics are made by heat-treatment. The crystallization of GCs is divided into two 

stages as shown in Fig.12: the first is the nucleation of tiny nuclei, and the second one is the 

development of those nuclei into crystals (growth stage). It is necessary to identify the best 

temperatures of these two stages for each glass composition [42]. 
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Figure 12: The nucleation and crystal growth rates as a function of temperature. The fig-

ure has been changed from [41]. 
 

Gibbs's free energy, activation energy, and other factors influence the lowest energy 

needed to produce nuclei with a critical radius. Instable nuclei smaller than the crucial radius 

tend to dissolve back into the matrix, but crystal formation may be stimulated by more promi-

nent nuclei than the critical radius. The critical radius may be as small as a few tenths of a 

nanometer after the thermodynamic and kinetic barriers have been overcome. Furthermore, 

by adding more atoms or molecules to the previously created nucleus, crystallization of the 

glass might be achieved. 

 

While glass is in a thermodynamically stable condition, it turns into an ordered structure 

with a decreased free energy during crystallization. The crystalline phase has lower energy 

than the glass phase, hence the volume energy drops when the glass phase transitions into 

the crystalline phase. A new interface, on the other hand, requires time and resources. The 

figure 13 depicts the energy interaction because of the nucleus radius. 

 
Figure 13: The interаction of the volume energy and the interfacial energy as a function of 

the nucleus radius [28] 
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3.1.4 Direct doping process 

Direct doping method (DDM) consists in adding Er3+-doped particles in the glass melt be-

fore the quenching. it is then possible to have a glass with specific particles inside. The DDM 

allows for incorporating particles with precise compositions and dopants into the glass. To 

guarantee particle survivability inside the glass during preparation, the particles must be ther-

mally stable at the doping temperature. As mentioned in [28], the first step is to find a glass 

composition whose doping temperature is lower than the particle's upper limit. The second 

stage is to identify two parameters for creating glasses with homogenous particle dispersion: 

the doping temperature and the dwell time before casting the glasses [28]. 

 

The benefits of both glasses (composition and geometrical flexibility) and crystals (higher 

absorption, emission, and lifetimes) are thus combined [44]. It has the advantage that the local 

environment of the RE ions is regulated by the particle crystal matrix independent of the glass 

composition [45]. Zhao [46] in own research used the DDM to improve the spectroscopic prop-

erties of nanoparticles-containing tellurite glasses and demonstrated that optical fibers with 

low losses and up-conversion emission can be obtained using this technique 

 

 
Figure 14: a-c) Theoretical phase results from different fabricating methods and d) 

the comparison [24]. 

 

 Figure 14-c depicts the potential outcome of particle doping by direct injection of a chemical 

compound. Because of the perfect control over the properties of the nanocrystals, it is pre-

dicted that the pre-synthesized particles with RE will result in considerable improvements in 

the final glasses. According to the comparison shown in Figure 14-d, the direct doping ap-

proach significantly outperforms the other fabrication methods in terms of RE ion concentra-

tion. As previously stated, Zhao et al. have successfully employed the approach to dope tel-

luride glasses with LiYF4 nanoparticles, resulting in some rather remarkable outcomes for their 

efforts. Despite this, the scientists found a 30-60% loss of nanoparticles in the glass, showing 

much space for improvement in this area [46]. 
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3.2 LASING GLASSES 

3.2.1 Rare-earth ions 

The rare-earth ion up-conversion process is amongst the highly effective methods for con-

verting low-energy photons to high-energy photons. It is indeed a photochemical approach in 

which low-energy photons are transformed into high-energy photons in a supramolecular gel. 

It required the use of visible light as well as chromophore donor and receiver molecules. As of 

late, the ideas of spending transformation of the RE particles was stretched out to nanomateri-

als, albeit customarily it has been broadly read up for mass or fiber-like calculation for appli-

cations in high-power laser frameworks and media transmission intensifiers as well as radi-

ance phosphors, secure printing or progressed bioimaging tests[57] 

 

Throughout the long term numerous up-transformation components have been perceived 

and depicted in the writing, including energy move up-change (ETU), where nonradiative en-

ergy move assumes a predominant part, energized state retention up-transformation (ESAU), 

regularly called consecutive assimilation of two photons, lastly photon torrential slide up-

change (PAU), being a particular blend of the ETU and ESAU[56] 

 

In the case of sensitized luminescence, these dopants are further subdivided into sensitiz-

ers and activators, where one dopant ion emits photons from its high energetic state because 

of energy transfer from another dopant ion [57]. Moreover, the doping technique entails pre-

senting a low convergence of particles (for example, dopants) into an inorganic glasslike grid 

to obtain doped materials, which is widely used to make iridescent materials with high dis-

charge. The dopant ion that emits emission is referred to as an activator, while the ion that 

contributes energy to the activator is referred to as a sensitizer. Most RE activator ions have 

limited absorption cross-sections, resulting in poor pump efficiency. As a result, a sensitizer 

ion with a high absorption cross-section is typically utilized as an energy donor to the activator 

ion to improve pump efficiency. 

3.2.2. Er3+ doped glasses 

 

Er3+ ion is an ideal luminescent centre for 2.7 µm emission. Figure 15 shows the Er3+-

ions energy level diagram.  
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Figure 15: Schematic energy level diagram of Er3+. [37] 

 

It has an emission at 1,5 µm due to the energy level transition I13/2 → I15/2 
4

 
4  but also at 2.7 

µm because of the I11/2 → I13/2 
4

 
4  transition, The Er3+-ions ground state level I15/2 

4  is excited 

to the I11/2 
4 state under the 980 nm pumping through the ground state absorption (GSA) 

process when irradiated at 980 nm. A radiative relaxation can occur leading to a transition 

o from I11/2 
4 to I13/2 

4  (2.7 μm emission). Moreover, at the level of I13/2 
4  Er3+-ions can decay 

to ground level with emission at 1.55 microns. The energy transfer process (ETU1) is based 

on excited state absorption (ESA1: I11/2 
4   F7/2 

4 ). In F7/2 
4 state, non-radiative relaxation 

occurs, leading to the population of I11/2 
4 , S3/2 

4 and F9/2 
4 levels, according to the non-radia-

tive relaxation processes (NR). Therefore, I11/2 
4

 I15/2 
4 , S3/2 

4   I15/2 
4  and F9/2 

4
 I15/2 

4  

transitions lead to the emissions of 522 nm, 544 nm and 660 nm. ETU2 ( I13/2 
4

 I15/2 
4 lead-

ing to the excitation of the excited state I9/2 
4 ) may be beneficial for emissions at 2.7 μm. 

[37] 

3.3 Glass systems for MIR application 

To design more effective optical systems, it is necessary to consider the host material in 

addition to the active ions. Thus, it is critical to search for appropriate host materials for mid-

infrared lasers operating at this wavelength.  

Tellurite [4], bismuth [9], germanate [11], fluoride [14], and fluorophosphate glasses have 

all been investigated widely by scientists. According to the low thermal shock resistance, the 

fluoride glass fiber laser has a lower damage threshold but still exhibits poor mechanical qual-

ities. Furthermore, fluoride and chalcogenide glasses have a low resistance to moisture, are 

complex to mass manufacture, and are sensitive to humidity. Germanate glass is more ther-

mally stable and mechanically stronger than fluoride, chalcogenide, fluorophosphate, and tel-

lurite glasses due to the greater ionic interaction between 𝐺𝑒4+ and O2 ions [18], [19]. Due to 

its high mid-infrared transmission (up to 6 µm) [20], relative thermal stability, strong mechani-

cal properties, and great chemical durability when compared to other glasses, germanate 
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glass has been recommended as an attractive material for optical applications. Additionally, 

germanate glass has low maximum phonon energy (800–900 cm1), which benefits the likeli-

hood of radiative transitions and the associated mid-infrared emission [21]. 

 

 
Table 1 maximum phonon energy of few glasses 

 

Germanate glasses are important because they have a lower phonon energy than other 

type of glasses developed in Er3+ at 2.7 µm  emissions. Furthermore, high thermal conductivity, 

chemical resistance, mechanical strength, and transparency which represents transmission 

range of different glasses in 3-5 µm in the mid-infrared range are just a few of the benefits 

than other glasses have. Additionally, germanate glasses are well-known for their chemical 

resistance and remarkable mid-infrared transparency [22]. Erbium emission at 2.7 µm has 

been seen in a variety of germanate glasses, including fluorotellurite - germanate [20], barium 

gallo-germanate [21] [22], and glass-ceramics based on germanate [23]. 
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4. ENHANCEMENT OF THE 2.7 µM EMISSION 

4.1 Change in glass composition 

Over the past decades, research papers have studied phosphate- [13], silicate- [14], tellu-

rite- [18], germanate [32], and fluoride [15] based glasses, as well as glass ceramics [21], to 

reach the 2.7 µm emission.  

Several publications have been published on the 2.7 µm emission from tellurite and bis-

muthate glass nanocomposites (BGN) manufactured [35] using the usual melt-quenching pro-

cess for glass. However, due to their smaller phonon energy and greater rare-earth ion ab-

sorption, tellurite and germanate glasses [35] are excellent matrix materials for 2.7 µm. 

When compared to other oxide glasses, germanate glass has the benefits of low phonon 

energy and robust infrared transmission across a vast wavelength range. Also, the presence 

of high viscosity and a significant number of hydroxyl groups may result in a strong absorption 

band of about 2.7 µm, which is detrimental to the emission of mid-infrared light. It is then 

necessary to modify germanate glass by replacing elements with Lа2O3 and Y2O3. Further 

elements, such as Lа2O3 and Y2O3, may be added to or substituted for the germanate 

glass. Because of its capacity to collect non-bridging oxygen from glass, the addition of Lа2O3 

is predicted to increase glass forming ability. The addition of Y2O3, on the other hand, is ex-

pected to enhance thermal conductivity and considerably decrease the OH concentration in 

glass. The spectroscopic characteristics and mid-infrared emissions of Lа2O3 and Y2O3-mod-

ified germanate glass were studied by Jewell et al. [20]. As a further point of reference, Muzhi 

Cai et al. [50] explore relevant research from a new scientific method perspective because 

Jewell first researched it in the twentieth century. His publication studied thermal stability and 

spectroscopic characteristics for the GeO2-Ga2O3-BаO-R2O3-5NaF-Er2O3 system (R = La, Y).  
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Figure 16: The prepared samples' fluorescence spectra at 2.7um (a) and the cross sections 
(emission and absorption) of the prepared samples (b) [50] 

 

 

An 808 nm LD is used to excite Er3+ doped GL and GY glasses into the mid-infrared region, 

as shown in Figure 15. (LD). The 2.7 µm emissions of each of these glasses may be seen in 

Fig. 14a. The 2.7 µm emission intensity of GY glass is higher than that of GL glass. Research 

performed by Muzhi Cai [50] shows that the Y2O3 transformed germanate glass has superior 

spectroscopic characteristics than the Lа2O3 modified germanate glass, making it a good 

choice for mid-infrared optical particles. 

4.2 Crystals in glass 

Even in daily life, glass-ceramics are used in various applications, including cookware, elec-

tric stovetops, building materials, telescope mirrors, liquid crystal displays, solar cells, and 

photonic devices [40]. Due to the big interest in this material, researchers have focused their 

efforts on characterizing the crystallization mechanisms of numerous glass systems, including 

silicate [4, 5], tellurite [6], and chalcogenide glasses [7].  

An investigation into RE-doped phosphate glass-ceramics has been conducted owing to 

the potential of increasing the luminescence of the RE ions by surrounding them with a crys-

talline environment [21–19]. The Er3+ ions may precipitate within the crystals of Er3+ doped 

phosphate GCs after they have been subjected to post-heat treatment, which may enhance 

the optical characteristics of the materials. 

Based on the findings of Yu et al. [15, 18], compared to as-prepared glasses with the com-

parable composition, the intensity of the emission at X nm of Er3+ / Yb3+ co-doped phosphate 

glass-ceramics increased by a factor of 2. The 2.7 µm emission properties of glass-ceramics 

(GCs) are studied in the paper by Wei et al. [30]  

 
Figure 4: Mid-infrared fluorescence spectra of samples pumped at 980 nm[30] 

 

Fig. 17 illustrates the mid-infrared emission spectra of glass-ceramics containing 𝐸𝑟3+: NaYF4 

nanocrystals. The intensity of the 2.7 m emission rises with the 𝐸𝑟3+  concentration. With an 
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Er3+ concentration of 1.00 mol percent, the emission intensity at 2.7 µm  reduces marginally, 

which may be attributed to the concentration quenching effect when the ideal doping percent-

age of Er3+ in produced glass-ceramics is 0.75 mol percent. Under 980 nm LD illumination, a 

strong 2.7 µm  emission generated from the Er3+ : I11/2 → I13/2 
4   

4 transition was produced due 

to the integration of Er3+  ions into the precipitated NaYF4 nanocrystals. As a result, we could 

assume that Er3+ doped oxyfluoride aluminosilicate glass-ceramic containing NaYF4 may give 

a unique approach for mid-infrared purposes [29].   

4.3 Addition of dopants 

First and foremost, in 2021, Yu Zhang et al. investigated 2.7 µm emission in Er3+ co-doped 

tellurite glass. 𝐻𝑜3+  was added to Er3+ doped tellurite glass in his study to increase the 2.7 

µm emission. By measuring visible, near and mid-infrared spectrum fluorescence emissions, 

the enhanced impact of 𝐻𝑜3+ on 2.7 µm emission induced by the 808 nm LD excitation was 

demonstrated. The conventional melt-quenching procedure was used to manufacture Er3+ sin-

gle-doped and 𝐸𝑟3+/𝐻𝑜3+ co-doped tellurite glasses with a composition of 75TeO2-(14.5-

x)ZnO-5ZnF2-5Na2O -0.5 Er2O3-xHo2O3  in mol percent, where x = 0, 0.3, 0.5, and 0.8 mol 

percent, and were designated as 0.5Er, 0.5Er0.3Ho, 0.5Er0.5Ho and 0.5Er0.8Ho respectively 

[39] 

 

Figure 18: Photoluminescence spectra in the range of 2550-3000nm of 𝐸𝑟3+ single-doped 
and 𝐸𝑟3+/𝐻𝑜3+co-doped tellurite glasses under the excitation of 808 nm. 

 

Fig. 18 shows the luminescence spectra of Er3+ single-doped and 𝐸𝑟3+/𝐻𝑜3+ co-doped tellurite 

glasses at 2.7 µm. Furthermore, it's seen that the amplitude of this mid-infrared band emission 

varies significantly when 𝐻𝑜3+ ions are added, demonstrating the efficiency of inserting 𝐻𝑜3+ 

ions in increasing the mid-infrared emission. The finding indicates that 𝐻𝑜3+ may intensify 2.7 

µm emission. Because of these findings, co-doped tellurite glass with 𝐸𝑟3+ and 𝐻𝑜3+ might 

be an attractive substrate for the construction of fiber amplifiers and lasers [47]. 

Continuously, Xiaomeng et al. [35] demonstrated that silver (Ag) nanoparticles had a sub-

stantial effect on the luminescence intensity of rare-earth ion-doped glass when measured 

under a 2.7 µm emission spectrum. It was possible to record the MIR emission spectra of Er3+ 

Ag co-doped BGN samples stimulated under 980 nm LD and display them in Figure 19. The 
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2.7 µm intensity emission increases as the amount of AgCl in the samples increases. Glass 

with 1.5 mol percent AgCl fluorescence intensity of Er3+ was designed to attain its maximum 

value and be 1.6 times greater than glass without AgCl throughout the research. After reading 

a study publication, he came to the conclusion that he had developed nanocomposites that 

are potential candidate host matrices for lasers[38], optical displays[38], and optical memory 

devices[38], among other things. 

 

 
 

Figure 19: Fluorescence spectra of BGN2 samples. The spectra were acquired under excita-
tion at (a) 2.7 μm; 
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5. CONCLUSIONS 

In recent decades, MIR lasers operating at roughly three microns have sparked growing 

interest, with most of the attention being concentrated on achieving a 2.7 µm emission coher-

ent MIR light source due to the several lucrative uses it has to offer. A literature review on 

obtaining a high-efficiency mid-infrared lasing output matching to the I11/2 → I13/2 
4

 
4  transition 

at 2.7 µm emissions was the goal of this study.  

After describing glass production methods such as sol-gel chemistry, and melt-quenching 

process, film deposition and fiber drawing as well as glass theory, a chapter was focused on 

the various solutions developed to improve the spectroscopic properties of the materials, in-

cluding a modification in the glass system, the creation of glass-ceramics, and the use of a 

direct doping approach. 

Various solutions were discovered, including a modification in the glass system, the crea-

tion of glass-ceramics, and the use of a direct doping approach. For much of this study, we 

will be talking about amplification of mid-infrared emission, which occurs at around 2.7 µm in 

wavelength and has been seen by many distinct ions in a number of different studies. In the 

next section, research publications on how to improve 2.7µm mid-infrared emission in 𝐸𝑟3+  

by using co-doped glass material are reviewed. We concentrated our efforts mostly on ger-

manate glassed doping using a variety of ions. Under 808 nm excitation, it was discovered 

that 𝐸𝑟3+ /𝑁𝑑3+  co-doped germanate glass emits a more intense 2.7 µm emission. Because 

both samples were prepared and measured under the same experimental conditions, it is 

possible to conclude that the increased 2.7 µm emission is due to the increased absorption of 

pump energy, the increased energy transfers (ETs) of Er3+ ions, and the shorter lifetime of 

the lower lasing level 𝐸𝑟3+  : I13/2 
4

 

 
  state when co-doping with Nd3+ ions when co-doping with 

𝑁𝑑3+  ions Because of the exhibited findings, it seems that 𝐸𝑟3+ /𝑁𝑑3+ co-doped germanate 

glass has the potential to be employed as an efficient gain medium in the 2.7 µm glass fiber 

laser system under consideration. 

Curiously, there are a few difficult challenges to address as well as practical suggestions 

for continuing this research to obtain a better result. Future efforts should be focused on con-

tinuing the development of glass-ceramics and more importantly on the direct doping method 

for the fabrication of new composites. New techniques to reduce the amount of OH to maxim-

ize the intensity of the MIR emission should also be investigated  
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