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ABSTRACT 

 

This Thesis describes the use of (NaYF4:Yb,Er) microparticles suspended in water and ethanol 

to convert 980 nm infrared light into 540 nm visible light through a nonlinear stepwise two-

photon process. The potential for upconversion enhancement explored by placing IR-reflecting 

mirrors on four sides of the cuvette containing the microparticles. Additionally, we developed 

and fabricated microparticle-coated lenses for use as eyeglasses, allowing for the visualization of 

intense infrared light images converted to visible light. The results of this study have significant 

implications for the development of new technologies in fields such as infrared vision, 

optogenetics, imaging, telecommunications, and biomedicine. We also described the design, 

construction, and results obtained by our novel, compact, and affordable microspectrophotometer 

capable of accurately recording absorption and emission spectra of microscopic samples.
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CHAPTER I 

 INTRODUCTION  

 

 Rare earth ions, such as Er3+ doped upconverting particles (UCPs), have the unique 

property of sequentially absorbing two or more low-energy IR photons and emitting a single 

higher energy, visible photon via a nonlinear stepwise two-photon process[1-3]. In 1959, N. 

Bloembergen introduced the idea of sensitized triplet-triplet annihilation, where an excited 

sensitizer molecule transfers its energy to a nearby acceptor molecule, leading to the emission of 

a higher-energy photon [4]. This groundbreaking discovery paved the way for the development 

of an efficient method for detecting infrared (IR) photons by leveraging the interaction between 

IR photons and rare earth (RE) ions embedded in crystalline materials. Due to the development 

of lasers, François Auzel was able to observe photon upconversion phenomena experimentally in 

1966. Furthermore, Auzel suggested that energy transfers between rare earth (RE) ions could 

occur between two ions, with both being in an excited state during the initial step of energy 

transfer. This insight challenged the prevailing assumption that energy transfers only occurred 

from an excited state ion to another ion in its ground state [5]. 

Upconversion process finds application in various fields, including super-resolution 

microscopy [6], enhancing solar cell efficiency [7-9], detection of latent fingerprints [10, 11], 

optogenetics [12-14], high-resolution bioimaging [15-17], photodynamic therapy [18, 19] and 

sensing [20, 21]. UCPs are also considered promising alternatives for conventional luminophores 

such as organic dyes and semiconductor quantum dots [22, 23], because they possess unique 

optical properties such as a long lifetime of the intermediate energy levels  [24-26], high 
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photostability [2, 27], low chemical toxicity [28], multiple-peak spectral patterns [2], lack of 

photo-blinking even at the millisecond and second-time scales [29], and absence of 

photobleaching even after hours of continuous excitation [30, 31]. In addition, the scattering of 

the near-infrared excitation light in many dispersing media such as air, water and biomedical 

tissues is significantly reduced in comparison to UV and visible light scattering [32-34], which 

makes it highly suitable for many applications, including aerospace and biomedicine [7, 30, 35].  

A photon upconversion process involving lanthanide-doped nanomaterials typically 

occurs in three steps: stepwise two photon absorption, energy transfer and the emission of 

photons [36].  Throughout this study, we will explore the concepts of the two-photon absorption 

and different upconversion energy transfer mechanisms. Then we provide insights into their 

potential applications in science and technology. We will also discuss the limitations associated 

with this concept and propose different strategies to overcome them. Furthermore, we will 

present our novel approach to enhancing upconversion luminescent efficiency by a factor of 

three. Using this technique, we have developed innovative infrared vision glasses capable of 

enabling infrared vision in human eyes. 

Two photon absorption 

The second law of photochemistry states that for each photon absorbed by a collection of 

molecules, only one molecule is activated for an excited-state reaction assuming a linear 

response to the incident electromagnetic field [37] . The law is applicable to a variety of 

photophysical and photochemical processes under conventional continuous wave (CW) light 

stimulation [38]. In nonlinear optics, the response of the material to light becomes dependent on 

the intensity or power of the incident light, leading to various nonlinear optical effects [39, 40]. 
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One of the most important phenomena in nonlinear optics is the two-photon absorption process 

by which a molecule or material absorbs a pair of photons, the sum of whose energy equals the 

transition energy [41]. This phenomenon can be divided into two categories: simultaneous and 

stepwise processes.  

a) Simultaneous two photon absorption 

Simultaneous two photon absorption occurs when a molecule or material absorbs two 

photons simultaneously, resulting in an electronic transition to a higher energy state via a 

virtual state. The simultaneous two photon absorption can produce the excited state with 

lower energy photons than the energy level of the excited state and the probability for the 

excitation depends on the square of the light intensity. In this process, the combined energy 

of the two photons must match the energy gap between the initial and final states of the 

molecule or material. Simultaneous two-photon absorption occurs when the intensity of the 

incident light is high enough to enable the simultaneous absorption of two photons, leading 

to a nonlinear response. 

The concept of simultaneous two-photon absorption was first described by Maria 

Goeppert-Mayer in 1931 [42, 43]. This process involves the absorption of an additional 

photon during the interaction of the first photon with the matter, typically within a very short 

timescale of approximately 1-2 femtoseconds [44] and thus the probability of occurrence of 

simultaneous two photon absorption is extremely low (𝜎 = ~10−54 𝑐𝑚4. 𝑠 𝑝ℎ𝑜𝑡𝑜𝑛⁄ ). As a 

result, the use of high-power light sources, such as femtosecond and nanosecond pulse lasers, 

becomes necessary to induce simultaneous two photon absorption which means that the 

realization of two-photon excitation luminescence needs extremely high excitation energy to 

ensure a large number of excited photons [45]. This requirement arises due to the fact that the 
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virtual state involved in simultaneous two photon absorption is not a stationary electronic 

state. However, during the time when Goeppert-Mayer proposed the concept, these high-

power light sources were not yet available.  

In 1961, simultaneous two-photon absorption was successfully demonstrated 

experimentally, a major advancement largely due to the invention of femtosecond pulse 

lasers. These ultrafast lasers deliver pulses with extremely short durations, typically in the 

femtosecond (10−15 seconds) range, enabling the realization of luminescence signals 

resulting from two-photon absorption processes [38, 45].  

It should be noted that the focus of this study does not include the investigation or 

analysis of simultaneous two-photon absorption as the main focus of the study. Instead, the 

focus will be on the stepwise two photon absorption. 

b) Stepwise two photon absorption 

Stepwise two-photon absorption is a process in nonlinear optics where a molecule or 

material undergoes a sequential absorption of two photons to transition from the initial state 

to an excited state. In 1961, Kaiser and Garrett successfully demonstrated two photon 

absorption in dye solutions using a pulsed ruby laser. This experimental proof laid the 

foundation for further investigations into two photon absorption [46]. 

Unlike simultaneous two photon absorption (which involves the absorption of two 

photons simultaneously) stepwise two photon absorption occurs in two distinct steps. In the 

first step, the molecule or material absorbs one photon, leading to an intermediate stationary 

electronic state. Subsequently, in the second step, another photon is absorbed, facilitating the 
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transition to the final excited state. This sequential absorption of photons allows for the 

excitation of the system to higher energy levels.  

The cross section of stepwise two-photon absorption is a measure of the probability of 

this process occurring. It is directly proportional to the power intensity of the light source. 

The higher the power intensity, the higher the probability of stepwise two-photon absorption 

occurring. This process occurs via an actual stationary electronic state such as an excited 

state and the power threshold required to induce this process is greatly influenced by the 

lifetime of the intermediate transient state. Therefore, the probability of the stepwise two 

photon absorption depends on the lifetime of the intermediate transient state. This means that 

if the intermediate transient state has a long enough lifetime, the power threshold required to 

induce stepwise two-photon absorption is greatly reduced. As a result, even continuous wave 

light sources and sunlight, can induce stepwise two-photon absorption [44]. 

Energy transfer mechanisms 

In the context of energy transfer mechanisms in upconversion processes, the singlet 

excited state (S1), triplet excited state (T1), and ground state of a photoproduct may all play 

crucial roles. These states collectively contribute to the intricate energy transfer mechanisms that 

drive upconversion phenomena, allowing for the efficient conversion of photons and the 

emission of higher-energy photons. The lifetimes of the S1 states typically fall within the 

nanosecond time scale, while the lifetimes of T1 states are significantly longer, ranging from 

microseconds to tens of microseconds. 

This significant difference in lifetimes is due to the spin selection rule which dictates the 

allowed transitions between electronic states based on the spin properties of the involved 
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particles. The longer lifetimes of T1 states make them more favorable for absorbing another 

photon, resulting in a lower power threshold for stepwise two-photon absorption compared to the 

S1 state [38, 44, 47]. 

The excited states S1 and T1, along with the ground state, are involved in the five types 

of energy transfer mechanisms observed in upconversion processes, which exhibit high energy 

transfer efficiency. These mechanisms include: (a) excited-state absorption (ESA), (b) energy 

transfer upconversion (ETU), (c) cooperative sensitization upconversion (CSU), (d) cross 

relaxation (CR), and (e) photon avalanche (PA) [48, 49]. These diverse energy transfer 

mechanisms contribute to the efficient conversion of lower-energy photons into higher-energy 

ones, enabling various applications in science and technology. In addition to the efficient energy 

transfer mechanisms discussed in this study, it should be noted that there may be other 

mechanisms of energy transfer in upconverting particles. These mechanisms have not been 

explored extensively or found to be efficient up to now. These less efficient processes might 

involve alternative pathways or interactions that have not been thoroughly investigated in the 

context of upconverting particles. Additional energy transfer mechanisms may be revealed 

through further research and exploration of upconversion materials and particles, revealing their 

potential applications in future upconversion technologies. The five basic efficient energy 

transfer mechanisms are discussed below [8, 41, 48, 50, 51]. 

a) Excited state absorption (ESA) 

In Excited-state absorption (ESA) process as illustrated in Figure 1, the upconverting 

material sequentially absorbs one or more low-energy photons and promotes them to a higher 

energy level or excited state causing the intermediate state to populate. While the low energy 
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photons are in an excited state, the ion will absorb another low-energy pump photon leading to 

an even higher excited energy level. This is primarily due to the long lifetime of the intermediate 

state, allowing sufficient time for the absorption of the second pump photon before the ion 

decays back to the ground state. Therefore, for this process to occur, the absorption cross-section 

of the excited ion in the intermediate state should be sufficient to effectively absorb the second 

pump photon, enabling the ion to reach the higher energy level before returning to the ground 

state.  After the successive absorption of multiple low-energy photons and the promotion of the 

ion to a higher excited energy level, subsequent emission occurs. The emission process involves 

the relaxation of the ion from the higher energy level back to the ground state or a lower energy 

level. During this relaxation, the excess energy acquired from the absorbed photons is released in 

the form of emitted photons. The emitted photons typically have higher energy than the absorbed 

photons, resulting in upconversion of the light. The specific emission wavelengths and pathways 

depend on the energy level structure and transitions within the upconverting material. As a result, 

upconverting particles can convert lower energy photons, such as infrared light, into higher 

energy photons, such as visible or ultraviolet light.  

 

In the Excited-state absorption (ESA) process, it is generally preferred to have a low 

concentration of activator dopants in the upconverting material. This is because high doping 

concentrations can lead to the degradation of upconversion emission through nonradiative 

relaxation processes. When the concentration of activator dopants is high, the distance between 

neighboring ions becomes smaller, increasing the probability of ion interactions with each other 

such as energy transfer or quenching. These interactions can cause the energy absorbed by one 

ion to be transferred to another nearby ion without emitting a photon, resulting in energy losses 
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through nonradiative pathways and the loss of upconverted light emission which reduces the 

efficiency of upconversion emission.  

By keeping the doping concentration low, the distance between activator ions is increased 

and the interactions between activator ions are minimized which results in reducing the 

occurrence of nonradiative processes and enhancing the efficiency of upconversion. Therefore, 

controlling the concentration of activator dopants at low levels is crucial to optimize the 

upconversion performance of the material.  

It is worth mentioning that the efficiency of the Excited-state absorption (ESA) process is 

significantly reduced due to the weak absorption induced by parity-forbidden 4f-4f transitions 

within the rare-earth (RE) ions [50]. The low absorption probability hinders the population of the 

higher excited energy levels, limiting the effectiveness of the ESA mechanism. To mitigate this 

limitation and enhance the efficiency of ESA-based processes, researchers employ various 

strategies. These include using sensitizers or co-dopants that can absorb photons efficiently and 

transfer the energy to the RE ions, selecting host materials that can modify the local electric field 

and improve the absorption probability, and employing advanced nanostructured designs to 

enhance light-matter interactions. 
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Figure 1- Excited State Absorption (ESA) process for lanthanide doped upconverting particles. 

b) Energy Transfer Upconversion (ETU) 

In the ETU process as Illustrated in Figure 2, the upconverting material consists of 

sensitizer ions that absorb the low-energy photons and transfer their energy to activator ions. The 

sensitizer ions are typically excited to a higher energy level, known as the sensitizer excited 

state. From this excited state, the sensitizer ions can transfer their energy to adjacent activator 

ions through a nonradiative energy transfer process. This energy transfer can occur through 

mechanisms such as dipole-dipole interactions, Förster resonance energy transfer (FRET), or 

electron exchange interactions. Once the energy is transferred to the activator ions, they undergo 

a radiative transition to emit a higher-energy photon. This emission occurs at a wavelength 

shorter than the individual absorbed photons, resulting in an upconversion effect. 
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The efficiency of the ETU process relies on the efficient energy transfer between the 

sensitizer and activator ions. Additionally, factors such as the proximity and concentration of the 

sensitizer and activator ions within the host material, their energy level alignment and coupling 

strength between them, as well as excitation intensity and the environmental conditions can 

influence the efficiency of the ETU process. 

The ETU process is typically two orders of magnitude more efficient than ESA mainly 

due to the fact that ESA occurs within a single excited ion, while ETU involves energy transfer 

between sensitizer and activator ions. Therefore, the resonant absorption energy will achieve 

more easier in ETU and the excitation lifetime is longer to achieve more efficient upconversion 

of energy [52]. 

Most effective upconversion particles to date, including those used in this study, consist 

of a combination of two ions. These ion pairs are usually Yb3+/Tm3+, Yb3+/Er3+, or Yb3+/Ho3+ 

which help the UCPs absorb light better at around 975 nm, which has reduced scattering 

compared to UV and visible light. 

In this study, we used the well-known upconverting particles which consist of Sodium 

Yttrium tetra Fluoride (NaYF4) crystalline host matrix doped with Erbium (Er3+) and Ytterbium 

(Yb3+) lanthanide ions. The Er3+ ions act as activators, while the Yb3+ ions are the sensitizers. 

Upon excitation with a 980 nm laser light, a two-photon stepwise process with the ETU 

mechanism is initiated, resulting in the absorption of 980 nm light and the transition from 

 2 F7/2 to 2 F5/2 state in the Yb3+ ion as shown in the energy diagram in Figure 3 and  after a 

two-photon stepwise absorption, 540 nm green light is emitted. Then, this energy will transfer to 

the neighboring Er3+ activator ion through a nonradiative energy transfer process, promoting it to 

the 4I11/2 state. From the  4I11/2 state, the Er3+ ion can undergo two different pathways: In the 
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first pathway, the Er3+ ion undergoes a non-radiative relaxation process, returning to the 4𝐼13/2 

state. From there, the second energy transfer occurs, promoting the Er3+ ion to the 4𝐹9/2 state. In 

the second pathway, the second energy transfer directly promotes the Er3+ ion from the 4I11/2 

state to the 4𝐹7/2 state. From the 4𝐹7/2 state, the Er3+ ion non-radiatively relaxes to 

the 2𝐻11/2  and 4𝑆3/2 states. Finally, from these excited states ( 4𝐹9/2,  2𝐻11/2 and 4𝑆3/2 ), the 

Er3+ ion radiatively relaxes back down to the 4𝐼15/2  state, releasing 532 nm high-energy photons. 

[49, 53] 

 

 

Figure 2- Energy Transfer Upconversion (ETU) process for lanthanide doped upconverting 

particles. 
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Figure 3- The energy transfer upconversion mechanism in NaYF4:Yb, Er microparticles. 
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c) Cooperative Sensitization Upconversion (CSU) 

Cooperative Sensitization Upconversion (CSU) is a process that involves the cooperation 

of two or more sensitizer ions to achieve upconversion of energy in a material. In ETU, a single 

sensitizer ion absorbs a low-energy photon and transfers its energy to an activator ion, which 

then emits a higher-energy photon. However, in CSU, instead of relying on a single sensitizer 

ion, multiple sensitizer ions work together to transfer lower energy photons to the activator ions, 

leading to the emission of a higher energy photon. In this process, multiple sensitizer ions absorb 

a low-energy photon and get excited to a higher energy state. The neighboring sensitizer ions 

then transfer their energy simultaneously to the activator ion and excite activator ion to a higher 

energy level. Finally, the activator ion undergoes a relaxation to its ground state, emitting a 

higher-energy photon through its radiative transition. The CSU mechanism is illustrated in 

Figure 4. 

Cooperative Sensitization Upconversion (CSU) typically exhibits lower upconversion 

efficiency compared to ETU and ESA processes owing to the fact that in the CSU process there 

exists no real intermediate energy level with a long lifetime in the activator [54]. Different ion 

pairs have been reported to exhibit the cooperative sensitization upconversion mechanism, 

including Yb3+/Tb3+, Yb3+/Eu3+ and Yb3+/Pr3+[55-57]. 
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Figure 4- Cooperative Sensitization Upconversion (CSU) process for lanthanide 

doped upconverting particles. 

d) Photon Avalanche 

Photon avalanche upconversion is a process in which a single low-energy photon triggers 

a cascade of energy transfer steps, resulting in the emission of multiple high-energy photons. 

This process starts with the ground state (state number 1) non-resonant absorption of low-energy 

photons by upconverting material promoting the material to the intermediate excited state (state 

number 2). Then the material absorbs another low-energy photon through an ESA process and 

promotes to the super excited state (state number 3). Subsequently, this ion undergoes a cross-

relaxation energy transfer process, where it relaxes back to state 2 while simultaneously 

promoting a neighboring ion to state 2. This energy transfer cycle continues until the ions in the 

intermediate excited state exponentially populated above the excitation threshold. As the 

population of ions in the intermediate excited state grows, a critical point is reached where the 
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number of superexcited ions surpasses the number of ions in the ground state. In this mechanism, 

the number of avalanche transitions goes on increasing until the consumption of so excited ions 

is less than the ground state ions. The photon avalanche mechanism is illustrated in Figure 5. 

 

Figure 5- Photon Avalanche (PA) process for lanthanide doped upconverting 

particles. 

e)  Energy Migration Upconversion (EMU) 

In the EMU (Energy Migration Upconversion) process, shown in Figure 6, luminescent 

centers are organized into separate layers, including a sensitizer, accumulator, migrator, and 

activator. When stimulated by low-energy photons, an energy transfer upconversion (ETU) 

process takes place. The sensitizer first absorbs the photons and transfers the energy to the 

accumulator, which reaches a higher excited state. To effectively transfer energy, the 

accumulator should possess energy levels with longer lifetimes, allowing it to efficiently capture 

and store the energy absorbed from the sensitizer. The energy is then transferred to a migrator 
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within the same region, and subsequently, through the core/shell interface, to a migrator in a 

neighboring region. Eventually, the migrated energy is captured by an activator, resulting in 

upconverted (UC) emissions as electrons return to their ground state. Additionally, UC emissions 

can also arise from the accumulator ions. This sequential energy transfer mechanism enables 

efficient upconversion of low-energy photons to higher-energy emissions. 

 

Figure 6- Energy Migration Upconversion (EMU) process for lanthanide doped 

upconverting particles. 
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Composition of upconversion materials 

Inorganic crystals typically do not demonstrate upconverting (UC) luminescence under 

ambient conditions. As a result, upconverting particles (UCP) are commonly comprised of a 

crystalline host with the addition of dopants at low concentrations within the host lattice. These 

dopants typically exist as localized luminescent centers, and the crystal structure of the host 

lattice serves as a matrix to precisely position these centers for optimal functionality. Upon 

excitation, the dopant ion emits radiation as it transitions to a higher energetic state, facilitated by 

the non-radiative transfer of energy from another dopant ion. The ion responsible for emitting the 

radiation is known as the activator, while the sensitizer serves as the energy donor [58, 59]. 

Consideration should be given to the exact manipulation of energy transfer mechanisms within 

these three components when determining the most appropriate combination of dopant and host. 

The luminescent behavior of UCP is contingent upon various factors, encompassing the selection 

of both host and dopant materials, their respective structures and sizes, the concentrations of 

sensitizers and activators embedded within the host matrix, the power of excitation, and the 

concentration of UCPs dispersed within the medium.  The dopant ions play a critical role in 

determining the efficiency of photon upconversion. In the context of UCPs, activators, also 

known as emitters, must possess a substantial number of metastable energy levels. These energy 

levels need to be far enough apart to stop nonradiative relaxations while still being close enough 

to make photon absorption and energy transfer in UC processes easier. Numerous suitable host 

materials doped with transition-metal ions (3d, 4d, and 5d) have been documented for 

upconversion phenomena. Noteworthy examples include Ti2+ [60], Ni2+ [61], Mo3+ [62], Re4+ 

[63], and Os4+-doped solids [64]. The UC capabilities of actinide-doped materials have also been 

studied [65].  
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However, these systems typically exhibit poor optical properties and necessitate low 

temperatures for operation. In contrast, lanthanide-doped solids display remarkable UC 

efficiencies, even at room temperature. The lanthanides, which encompass the elements from 

lanthanum (La) to lutetium (Lu), are characterized by the filling of the 4f-shell. In their most 

stable oxidation state, they exist as trivalent ions (Ln3+). In the presence of completed 5s2 and 5p6 

subshells, the 4f electrons of Ln3+ are effectively shielded, resulting in weak electron-phonon 

couplings. This unique attribute gives rise to significant phenomena, such as the presence of 

sharp and narrow f-f transition bands. Moreover, due to Laporte selection rules, f-f transitions in 

lanthanides are generally forbidden, leading to low transition probabilities and considerably long 

excited state lifetimes (up to 0.1 s) [5]. Erbium (Er3+), Thulium (Tm3+), and Holmium (Ho3+) are 

frequently employed as activators, owing to their ladder-like arrangement of energy levels and 

long excited state lifetimes. For instance, in Er3+, the energy difference (∼10 350 cm−1) between 

the 4I11/2 and 4I15/2 energy levels is comparable to that (∼10 370 cm−1) between the 4F7/2 and 4I11/2 

levels. This similarity in energy gaps enables the utilization of the 4I15/2, 
4I11/2, and 4F7/2 energy 

levels for generating UC emission through excitation at approximately 980 nm. Instead of being 

directly excited to the 4F7/2 state, the Er3+ ion in the 4I11/2 state can relax to the 4I13/2 state, 

followed by excitation to the 4F9/2 state facilitated by phonon-assisted energy transfer. Notably, 

Er3+, Tm3+, and Ho3+ exhibit relatively large energy gaps, which effectively minimize 

nonradiative relaxations. The transition rate of nonradiative relaxations decreases exponentially 

as the energy gap increases [58, 59]. 

In a singly doped system, two significant parameters influence UC processes: the 

distance separating neighboring activator ions and the absorption cross-section of these ions. The 

absorption band of Er3+ for the 4f-4f transition around 980 nm exhibits weak ground state 
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absorption, resulting in low pump efficiency. One possible approach to enhance absorption is by 

increasing the concentration of lanthanide dopants in the material. However, high doping levels 

can give rise to detrimental cross-relaxation effects, leading to the quenching of excitation 

energy. To mitigate the quenching effect, it is crucial to maintain a low and precisely adjusted 

concentration of activator ions. The upper limit of concentration is determined by the specific 

distance between lattice sites occupied by lanthanide ions. However, in the majority of UC 

materials, the concentration of Er3+ does not exceed 3%. Nevertheless, at these concentrations, 

the absorption of light is insufficient, which poses a practical limitation on the utilization of these 

materials as UCPs [59].  

As a result, the overall upconversion efficiency for singly doped systems remains 

relatively low. In order to enhance the absorption of lanthanide-doped phosphors, it is common 

practice to introduce a sensitizer with a substantial absorption cross-section in the near-infrared 

(NIR) region. By co-doping the sensitizer alongside the activator, the efficient ETU process 

between the sensitizer and activator can be harnessed, thereby maximizing the overall absorption 

capability [58]. Upon excitation from the ground state to the metastable state, activator ions have 

a propensity to accept energy from adjacent sensitizers, promoting their excitation to higher 

energy states. Among the various lanthanide ions, trivalent Ytterbium (Yb3+) emerges as an 

exceptional choice as a sensitizer. Due to the 2F7/2→
2F5/2 transition, the absorption band of 

Yb3+ that is located around 980 nm has an absorption cross-section of 9.11 × 10-21 cm-2 which is 

relatively large among lanthanide ions [66].  

Furthermore, the energy level diagram of Yb3+ exclusively encompasses a single excited 

4f level, namely 2F5/2. Notably, the 2F7/2 → 2F5/2 transition of Yb3+ harmoniously aligns with 

numerous f–f transitions of typical UC lanthanide ions such as Er3+, Tm3+, and Ho3+. This 
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alignment facilitates efficient energy transfer from Yb3+ to these ions. For instance, the 2F5/2 state 

of Yb3+ effectively overlaps with the 4I11/2 state of Er3+, enabling effective Yb-to-Er energy 

transfer. Usually, sensitizer content is co-doped into the lattice in high concentrations (~20 

mol %) while the activator content is relatively low (<2 mol%), minimizing cross-relaxation 

energy loss. Yb3+ is a common sensitizer not only for Er3+, Tm3+ systems but also for Ho3+ [67], 

and Pr3+ [68] ions. 

The selection of the host lattice plays a crucial role in determining the inter-ion distance, 

spatial arrangement, coordination numbers, and energy transfer efficiencies of the dopant ions. 

The properties of the host material and its interaction with the dopant ions exert a significant 

influence on the upconversion process [58]. Optimal host matrices for upconversion applications 

must possess several key characteristics. Firstly, they should exhibit low-phonon energies to 

minimize non-radiative losses and maximize radiative emission. Additionally, these host 

materials should demonstrate chemical and thermal stability to ensure long-term performance. 

High tolerance towards both sensitizer and activator ions is crucial, as is high transparency to 

allow for efficient migration of NIR photons within the lattice. 

Host materials typically require a close lattice match with the dopant ions. Since trivalent rare 

earth ions share similar ionic sizes and chemical properties, inorganic compounds containing 

these ions serve as ideal host materials for upconverting lanthanide dopants. Host lattices 

incorporating cations such as Na+, Ca2+, and Y3+, which possess ionic radii closely resembling 

those of the lanthanide dopant ions, aid in preventing the formation of crystal defects and lattice 

stress, contributing to improved performance and stability [58]. However, when lanthanide ions 

are doped into a host matrix, the process is often accompanied by the formation of crystal 
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defects, such as interstitial anions and cation vacancies, to preserve charge neutrality. 

Unfortunately, these defects can result in increased multi-phonon relaxation rates between 

metastable states, consequently diminishing the overall intensity of visible emission [54, 58, 69]. 

To ensure efficient upconversion and maintain a single crystal phase within the host material, 

strict control over the dopant concentration is essential. By carefully managing the dopant 

concentration, it becomes possible to minimize the occurrence of crystal defects and optimize the 

upconversion process. A wide range of materials have been found to exhibit upconversion, but 

their actual upconversion efficiency can vary significantly. Common host materials for 

upconversion include oxides such as ZrO2, Y2O3, and phosphates (e.g., LuPO4, YPO4), owing to 

their high chemical stability. However, conventional oxygen-based systems often possess large 

phonon energies above 500 cm−1, primarily attributed to the stretching vibrations of the host 

lattice [70].  

In addition to oxides, various halide host lattices with rare earth dopants have been 

extensively investigated for their potential as UCPs [5, 71, 72]. These materials exhibit reduced 

nonradiative losses, but they are hygroscopic and can suffer from lower chemical stability 

compared to oxide counterparts [58]. Fluoride materials have emerged as a highly promising 

class of materials for UCPs due to their ability to fulfill the necessary criteria for efficient host 

matrices. These materials exhibit low phonon energies, typically around 350 cm−1 [73], within 

their crystal lattice, resulting in significantly prolonged lifetimes of the excited states. This 

characteristic is crucial for efficient photon upconversion. Among the various fluoride host 

matrices reported, NaYF4 has demonstrated exceptional effectiveness in converting NIR 

radiation into visible (VIS) light. One of the most efficient UCPs discovered thus far is 

NaYF4:Yb3+/Er3+, which was first introduced by Menyuk et al. in 1972 [74]. It is widely 
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recognized that the crystal structure of UCPs significantly influences their optical properties and 

upconversion efficiency. The optical properties of these materials, such as phase-dependent 

behavior, can be directly attributed to the distinct crystal fields surrounding trivalent lanthanide 

ions in matrices with different symmetries. In low-symmetry hosts, the crystal field exhibits 

more uneven components around the dopant ions compared to counterparts with high symmetry. 

This uneven distribution of components enhances the electronic coupling between the 4f energy 

levels and higher electronic configurations, consequently increasing the transition probabilities 

for f-f transitions of the dopant ions [75].  

NaYF4 exists in two primary crystal phases: cubic (α) and hexagonal (β). The α-NaYF4 

phase is thermodynamically favored and stable at higher temperatures, while the β-NaYF4 phase 

exhibits greater stability at lower temperatures [76, 77]. However, it has been observed that the 

upconversion efficiency of α-NaYF4 is significantly lower than that of β-NaYF4 [78, 79]. In fact, 

the green emission upconversion efficiency in hexagonal-phase NaYF4:Yb3+/Er3+ is 

approximately ten times stronger compared to that in cubic NaYF4:Yb3+/Er3+ [80]. It could be 

shown that the generally high emission intensities of this phosphor originate from the interaction 

of dopant ions located on two different lattice sites [58]. The size of the particles plays a crucial 

role in determining the efficiency of upconverting luminescence, as it influences the surface-to-

volume ratio [30]. Increasing the size of the host crystal leads to a decrease in the surface 

quenching effect due to the lower surface-to-volume ratio. This, in turn, prolongs the lifetime of 

the intermediate quantum energy state and enhances the quantum yield of emitted photons [35]. 

Conversely, reducing the crystal diameter for a given laser excitation power density results in a 

significant decrease in the upconverted luminescence of the upconverting particles [23]. 
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Research has shown that at a power density of 20 W/cm2, micro-sized NaYF4: Yb, Er 

particles exhibit a quantum efficiency of 10.2%, while nano-sized particles display a lower 

quantum efficiency of 0.32% [81]. Additionally, the emission of Yb3+, Er3+ co-doped phosphors 

demonstrate saturation only at high excitation densities, with saturation observed at 100 W cm−2 

for NaYF4:Yb3+, Er3+ [82]. 

Applications 

UCPs are considered promising alternatives for conventional luminophores such as 

organic dyes and semiconductor quantum dots [22, 23], because they possess unique optical 

properties such as a long lifetime of the intermediate energy levels  [24-26], high photostability 

[2, 27], low chemical toxicity [28], multiple-peak spectral patterns [2], lack of photo-blinking 

even at the millisecond and second-time scales [29], and absence of photobleaching even after 

hours of continuous excitation [30, 31]. In addition, the scattering of the near-infrared excitation 

light in many dispersing media such as air, water and biomedical tissues is significantly reduced 

in comparison to UV and visible light scattering [32-34], which makes it highly suitable for 

many applications, including aerospace and biomedicine [7, 30, 35].  

Upconversion process finds application in various fields, including super-resolution 

microscopy [6], enhancing solar cell efficiency [7-9], detection of latent fingerprints [10, 11], 

optogenetics [12-14], high-resolution bioimaging [15-17], photodynamic therapy [18, 19] and 

sensing [20, 21]. In this study we briefly review some of these applications. 

Enhancing solar cell efficiency 

A solar cell, also known as a photovoltaic cell, is an electronic device that converts sunlight 

into electrical energy. It is made up of semiconductor materials, such as silicon, which absorb 

photons from the sun and release electrons. These electrons are then collected by metal contacts 
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on the cell and channeled into an external circuit to power devices or charge batteries. Solar cells 

are a key component of solar panels, which can be used to generate electricity for homes, 

businesses, and even entire communities. They are a clean and renewable source of energy that 

can help reduce our dependence on fossil fuels and combat climate change.  

However, the efficiency of a typical solar cell is fairly low. Improving the efficiency of solar 

cells has been a major focus of research and development in recent years, with significant 

progress being made in increasing their efficiency. One of the main reasons for the relatively low 

efficiency of conventional solar cells is their inability to effectively absorb infrared (IR) light, 

which accounts for a significant portion of the solar spectrum's energy. Infrared light typically 

ranges from 700 to 2500 nm and constitutes approximately 52% of the total solar energy. The 

limited absorption of IR light is primarily due to the sizable bandgap of the light-absorbing 

materials used in conventional solar cells. Solar cells with larger bandgaps, such as amorphous 

silicon solar cells, have a narrower range of wavelengths that they can effectively absorb. The 

bandgap of amorphous silicon is approximately 1.75 eV, corresponding to a cutoff wavelength of 

around 708 nm. This means that amorphous silicon solar cells can absorb light with wavelengths 

below 708 nm (in the visible and part of the near-infrared range), but they have limited 

absorption in the longer-wavelength near-infrared region [9]. 

One solution to overcome the limitation of absorbing only a portion of the solar spectrum in 

conventional solar cells is to utilize upconversion materials. These materials can convert low-

energy, long-wavelength photons (sub-bandgap photons) into higher-energy, above-bandgap 

photons that can be effectively absorbed by the solar cell [83]. The result is the prevention of 

energy loss and the expansion of the solar spectrum that can be used. However, one major 

obstacle is the low upconversion efficiency of currently existing UC materials. By coupling the 
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solar cell system with a back-reflecting mirror, the overall efficiency of the system can be 

significantly increased. This study describes a new technique for increasing the interaction of IR 

light with microparticles and thereby enhancing the intensity of the upconverted visible light by a 

factor of three. The back-reflecting mirror plays a crucial role in maximizing the utilization of 

incident light and enhancing the extraction of upconverted light. It helps to redirect the light back 

into the upconverting material, allowing for multiple interactions and increased chances of 

upconversion. Moreover, it minimizes the loss of visible light by reflecting it back into the 

desired direction, maximizing the overall efficiency of the solar cell system. 
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Figure 7- Principle of a solar cell assisted by Upconversion effect. The creation of usable 

electron-hole pairs in the PV absorber material (left) is augmented by light, usually transmitted 

unused, which is converted to higher photon energies in the UC unit (right). Reprinted with 

permission from [84]. 

Photdynamic therapy 

Photodynamic therapy is a medical treatment that utilizes a combination of light and 

photosensitizing agents to selectively destroy cancer cells or treat certain medical conditions. It is 

a minimally invasive and targeted approach that is used in the treatment of various cancers, such 



 

27 

 

 

 

as skin cancer, lung cancer, esophageal cancer, and certain types of head and neck cancers. It is 

also employed in dermatology for the treatment of skin conditions like acne, psoriasis, and 

precancerous lesions.   [85-87]. One advantage of photodynamic therapy is its ability to 

selectively target affected areas while sparing healthy tissues. This is achieved by controlling the 

delivery of the photosensitizer and directing the light only to the desired treatment site. 

The process of photodynamic therapy involves three key components: a photosensitizer, 

light of a specific wavelength, and oxygen [88]. The photosensitizer is a light-sensitive chemical 

compound that is either administered systemically (through injection or oral intake) or applied 

topically to the targeted area. Once the photosensitizer is absorbed by the target cells or tissues, it 

remains inactive until it is exposed to light. During the treatment, a specific wavelength of light 

is applied to the target area, which matches the absorption spectrum of the photosensitizer. This 

light activates the photosensitizer, causing it to produce reactive oxygen species (ROS) or free 

radicals. These ROS are highly reactive molecules that can damage nearby cells, including 

cancer cells or other targeted cells [89]. The ROS generated by the photosensitizer induce a 

series of biological events, including oxidative stress, inflammation, and cell death. This 

localized damage to the targeted cells leads to their destruction, shrinking tumors, or resolving 

certain medical conditions [90]. 

In the context of photodynamic therapy, upconverting particles can serve as efficient 

energy mediators. They can absorb near-infrared (NIR) light, which has deeper tissue penetration 

capabilities, and convert it into visible or ultraviolet (UV) light. This conversion allows for the 

activation of photosensitizing agents that are typically excited by visible or UV light, even in 

deep-seated tissues.  
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The application of upconverting particles in photodynamic therapy offers several 

advantages. Firstly, the absorption characteristics of biological tissues differ between UV and 

NIR regions. UV light is absorbed by molecules such as enzymes and nucleic acids present in the 

tissue, leading to tissue degeneration or damage. In contrast, UCPs can absorb NIR light, which 

is less likely to be absorbed by these biological molecules. The conversion of NIR light to 

higher-energy photons occurs in a localized manner within the vicinity of the particles, allowing 

for precise activation of photosensitizing agents in the target area. This selective absorption by 

UCPs minimizes the risk of damaging normal tissues during photodynamic therapy [91]. 

Additionally, the use of NIR light enables deeper tissue penetration, allowing for the treatment of 

tumors or diseased tissues located at greater depths within the body. This feature is particularly 

advantageous for treating internal organs or tumors that are not easily accessible [92].  Moreover, 

upconverting particles offer the possibility of multiplexing, wherein different types of particles 

can be designed to emit light at distinct wavelengths. This feature enables the simultaneous 

activation of multiple photosensitizers with different absorption spectra, allowing for 

combination therapies or targeted treatment of diverse cell populations within the same tissue 

[93].  

It is important to note that while upconverting particles have shown promising results in 

preclinical studies for photodynamic therapy, further research is still ongoing to optimize their 

properties, improve their biocompatibility, and enhance their overall therapeutic efficacy. The 

translation of this technology into clinical practice requires rigorous evaluation of its safety, 

efficiency, and long-term effects [91]. 

Sensing 
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Optical sensing plays a vital role in the field of diagnostics, enabling the detection of 

minute biochemical entities and molecular targets, as well as the precise monitoring of essential 

physiological processes. In this context, upconverting particles offer great promise. The ladder-

like energy levels these particles further enhance their application for optical sensing. This 

characteristic enables efficient energy transfer, facilitating sensitive detection when UCPs 

interact with biomolecular or chemical indicators. The combination of UCPs' frequency 

conversion capability, their emission properties, and their ability to interface with biomolecular 

and chemical targets opens up new possibilities for high-sensitivity bio- and chemical-sensing 

applications. Importantly, this luminescence remains unaffected by biological tissues, making 

UCPs ideal for applications requiring deep tissue penetration [20].  

a) Biomolecules Sensing 

The analysis of biomolecules holds significant importance in various fields, including 

biological detection, genetics, and molecular medicine. UCPs offer distinct advantages, 

particularly in vitro assays. They serve as luminescent reporters for biomolecule detection, 

enabling highly sensitive assays with virtually zero background. This unique feature significantly 

improves the limits of detection (LOD) compared to conventional reporters such as dyes or 

quantum dots. Recently, Upconversion Fluorescence Resonance Energy Transfer (FRET) based 

biomolecule sensors have demonstrated high sensitivity in various biological and chemical 

analyses [20]. In a FRET system, a fluorescence donor and acceptor are conjugated to different 

biomolecular entities. When the donor and acceptor are in close proximity, the donor 

fluorescence is effectively quenched by the acceptor. By fixing either the donor or acceptor 

concentration, the fluorescence intensity becomes linearly related to the target concentration. The 

FRET-UCPs system has demonstrated low limits of detection (LOD) in various experiments 
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[94]. In 2011, Saleh et al developed the FRET system employing the acceptor of biotinylated Au 

nanoparticles and the donor of the avidin-modified NaYF4:Yb/Er NPs in order to detect trace 

amounts of avidin [95]. The addition of Au-biotin nanoparticles to avidin-conjugated UCNPs 

results in bonding between the two due to the specific interaction between avidin and biotin. The 

strong absorption of Au nanoparticles at ~541 nm perfectly matches the UC emission of 

NaYF4:Yb3+, Er3+ nanoparticles. This leads to the quenching of green UC emissions through a 

FRET process. The linear quenching of green UC emissions enables the detection of trace 

amounts of avidin proteins [96]. 

b) Ion Sensing 

Several hazardous ions, such as cyanide ions (CN-) and mercuric ions (Hg2+), have been 

identified as being extremely toxic to living organisms [97]. Therefore, it is important to detect 

and evaluate their concentration in order to protect their lives. It has been demonstrated that the 

luminescent resonance energy transfer (LRET) of lanthanide-doped UCNPs is highly sensitive in 

living cells [98]. 

UCNPs are inert to the targeted ions, so they must be used in conjunction with an indicator 

that is capable of recognizing the ion [99]. UCNPs' fluorescence intensity is modulated by 

biochemical recognition, enabling precise detection of targeted ions. This detection method 

allows for accurate measurements of ion concentrations, and colorimetric changes in the solution 

can be easily observed with the naked eye [98]. Yao et al. developed a highly sensitive and 

selective CN− sensor using a chromophoric iridium (III) complex-coated UCNP. The sensor 

operates based on the LRET mechanism, where the green UC emission is effectively quenched 

by the chromophoric iridium (III) complex, enabling precise detection of CN− ions [96]. The 

addition of CN− ions results in a significant decrease in the quenching effect, leading to the 
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ineffectiveness of LRET. Consequently, the green UC emission of the nanoparticles is restored. 

The UC emission peaks at 540 nm and 650 nm, while the absorbance spectrum of the Ir1 dye 

exhibits a strong peak at 530 nm, which does not interfere with the red emission band of UCNPs. 

In the absence of CN− ions, the chromophoric iridium (III) complex strongly quenches the green 

UC emission of the UCNPs. However, the absorption of the chromophoric iridium (III) complex 

at ~500 nm is highly sensitive to CN− ions, enabling ratiometric evaluation of CN− concentration 

by utilizing the green UC at 540 nm and the unaffected red UC at 650 nm. 

c) Gas Molecules Sensing 

Detecting gas-phase molecules such as oxygen, carbon dioxide, and ammonia at low 

concentrations has a wide range of industrial, environmental, and biological applications. As a 

result of their outstanding characteristics, UCNPs have attracted considerable attention for use in 

gas molecule sensing [99]. A first oxygen sensor based on UCNPs has been presented by the 

Achatz et al [100]. NaYF4: Yb, Tm UCNPs were utilized in the study, exhibiting dual emission 

bands in the blue and red regions of the spectrum upon excitation with a 980 nm diode laser 

(Figure 8A). This unique emission served as an excitation light source for an oxygen probe, 

which is typically not photo excitable by NIR laser light. To enable oxygen sensing, a 

cyclometalated iridium (III) complex was selected as the quenchable probe due to its absorption 

maximum at 468 nm (Figure 8B), which strongly overlaps with the two shortwave emissions (at 

455 and 475 nm) of the UCNPs. The luminescence of the iridium complex in the green to yellow 

range (Figure 8C) peaks at 568 nm, is highly sensitive to oxygen quenching and exhibits minimal 

overlap with the red emission of the UCNPs beyond 630 nm. Consequently, band C can be easily 

separated from the UCNP emissions using an interference filter. 
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Figure 8- Emission spectra of the NaYF4:Yb,Tm nanoparticles (A), the absorption of the 

oxygen probe (B), emission spectrum (C). Reprinted with permission from [100]. 

Infrared Vision 

Human eyes can perceive a limited range of wavelengths known as the visible spectrum, 

which spans from approximately 400 to 750 nanometers (nm). This means that sunlight outside 

this spectral region, including the ultraviolet (UV) and infrared (IR) regions, is invisible to our 

eyes. Despite a significant amount of UV and IR radiation reaching the Earth's surface, our eyes 

lack the natural ability to detect these wavelengths.  Infrared vision refers to the ability to 

perceive and detect infrared (IR) radiation, which is electromagnetic radiation with wavelengths 

longer than those of visible light. It allows organisms or devices to see and interpret the heat 

emitted by objects and living beings. By incorporating upconverting particles into imaging 

devices or eyewear, it becomes possible to visualize and perceive infrared radiation as visible 

light. The upconverted visible light provides a representation of the infrared scene, allowing 

individuals to see and interpret objects or scenes that emit IR radiation. 
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In our earlier studies, we have shown that these upconverting particles can be utilized to 

induce infrared vision in humans by converting bright infrared light to visible light. However, 

one major limitation regarding such uses of UCPs is that their upconversion quantum yield is 

typically less than 1% at room temperature [83, 101] due to the small excitation cross-section of 

the lanthanide-doped materials (e.g., Nd3+, Ho3+, Er3+, Tm3+, Yb3+)[35, 101-103]. Therefore, 

enhancing the upconversion luminescence efficiency is one of the major challenges encountered 

in this field. This study describes a new technique for increasing the interaction of IR light with 

microparticles and thereby enhancing the intensity of the upconverted visible light by a factor of 

three. We then used this technique to develop and manufacture thin eyeglass lenses that are 

coated with upconverting particles (UCPs), enabling the conversion of near-infrared (NIR) 

images into visible light images at a wavelength of 540 nm. These specially designed lenses 

allow users to perceive and interpret NIR content in a format that is visible to the human eye. By 

harnessing the unique properties of UCPs, our eyeglasses provide a practical solution for 

enhancing vision and expanding the range of detectable wavelengths beyond the limitations of 

natural human eyesight. 

 

Microphotospectrometer 

 

Microphotospectroscopy is a scientific technique that combines microscopy and 

spectroscopy to study the properties of materials at a microscopic level. It involves the use of a 

microscope equipped with a spectrometer to analyze the interaction of light with a sample. In 

microphotospectroscopy, a focused beam of light is directed onto a small area of a sample, and 

the resulting interaction between the light and the sample is measured and analyzed. The light 

can be of various wavelengths, including visible, ultraviolet, and infrared, depending on the 

specific technique and the properties being investigated. 
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By examining the interaction of light with the sample, microphotospectroscopy provides 

valuable information about the composition, structure, and properties of the material. It can 

reveal details about chemical composition, molecular structure, electronic transitions, and other 

characteristics that are not easily observable with conventional microscopy alone. Absorption 

Spectroscopy measures the absorption of light at specific wavelengths, providing information 

about the sample's composition, concentration, and electronic states. At present, the availability 

of commercially accessible spectrophotometers capable of measuring the absorption spectrum of 

microscopic samples is limited. Furthermore, the few options that do exist are often prohibitively 

expensive. Our design, presented here, reduces that cost by more than ten times. The research 

presented here describes the design, construction, and means for recording absorption spectrum 

of the live species, such as the chlorophyl that exist in the Chlamydomonas Reinhardtii live 

cells that absorb in the visible spectral regime (400 nm - 700 nm). Chlamydomonas reinhardtii 

is a single-celled green alga that serves as a model organism for studying various biological 

processes, including photosynthesis, flagellar motility, and cell biology. It belongs to the 

Chlorophyta division, which includes a diverse group of green algae. Chlamydomonas 

reinhardtii has a simple cellular structure and is about 10 micrometers in size. It is unicellular, 

and each cell contains a nucleus, chloroplasts, mitochondria, and a contractile vacuole. The alga 

is typically found in freshwater environments, such as ponds and lakes, although it can also 

grow in soil and snow. One of the key characteristics of Chlamydomonas Reinhardtian is its 

ability to perform photosynthesis. Like plants, it possesses chloroplasts that contain the pigment 

chlorophyll, allowing it to convert light energy into chemical energy through the process of 

photosynthesis. This alga has been extensively studied to understand the molecular mechanisms 
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of photosynthesis, including the structure and function of photosynthetic proteins. Another 

notable feature of Chlamydomonas Reinhardtian is its two whip-like flagella that protrude from 

the cell. These flagella are involved in cell motility and allow the alga to move in liquid 

environments. The study of Chlamydomonas flagella has contributed to our understanding of 

how flagellar movement is controlled and how it relates to other cellular processes. Due to its 

relatively simple cellular organization, Chlamydomonas Reinhardtian has been used as a model 

organism for genetic and molecular studies. Researchers have developed tools and techniques to 

manipulate its genetic material, allowing the investigation of specific genes and their functions. 

This alga has contributed significantly to our understanding of fundamental biological processes 

and has practical applications in biotechnology and biofuel research. 
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CHAPTER II 

 MATERIALS AND METHODS 

 

The upconverting particles [NaY0.77Yb0.20Er0.03F4] which are 1-5 microns in size with an 

average of 2 microns, were purchased from Sigma Aldrich and used as received. The structure of 

the microparticles was confirmed by XRD. The upconverted luminescence of upconverting 

particles (UCPs) exhibits a significant increase when the crystal diameter is enlarged, under a 

constant laser excitation power density. This phenomenon, as discussed in the Introduction part, 

suggests that larger UCPs have higher efficiency in converting low-energy photons to higher-

energy photons. This is the reason that we chose to work with micro-sized particles. 

However, the large size of the particles presents a challenge as they have a tendency to 

settle down, resulting in an inhomogeneous solution of upconverting particles during 

experiments. To address this issue, a magnetic stirrer was employed to ensure continuous stirring 

of the solution. This stirring action effectively prevents the microparticles from settling down, 

maintaining a homogeneous distribution, and facilitating accurate and reliable measurements in 

the experimental setup. 

To maintain a consistent and stable power of the 980 nm excitation light throughout our 

experiments, we employed a 500 mW/cm2 continuous wave (CW) diode laser as our excitation 

light source. For power monitoring, we relied on an EPM1000 Molectron optical power meter 

equipped with a PM3Q sensor. This power meter was utilized continuously to measure the power 

of the 980 nm laser, ensuring its constancy, and preventing any fluctuations during the course of 

our experiments.  
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The intensity of the upconverted 540 nm green light was measured using a Hamamatsu-

R928 photomultiplier tube, which was connected to an oscilloscope. The photomultiplier tube is 

known for its reliable performance in detecting light intensities. Figure 9 provides the typical 

spectral response exhibited by this specific photomultiplier device. 

In all the described experiments, a 1cm glass cuvette with a transmission rate of 85% at 

both the 980 nm excitation wavelength and the 540 nm upconverted wavelength was employed. 

This glass cuvette was chosen for its ability to effectively transmit light at these specific 

wavelengths. Figure 10 provides the transmission spectrum of the glass cuvette, demonstrating 

its transmission characteristics across different wavelengths. 

 
Figure 9- Spectral response of R928 photomultiplier. 
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Figure 10- Transmission spectrum of the glass cuvette. 

 

In our study, we utilized mirrors made of glass, measuring 1cm×1cm×1mm in 

dimensions. These mirrors were coated with Aluminum, which provided a high reflectance of 

approximately 95% at both the 980nm and 532nm wavelengths. The reflectance spectrum of 

these mirrors is depicted in Figure 11, illustrating their reflective properties across different 

wavelengths. To ensure optimal coverage, these mirrors were placed on four sides of the cuvette, 

covering an area of 1cm×4cm on each side. 
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Figure 11- Reflectance of the Aluminum mirrors used. 

 

To fabricate the microparticle coated eye lenses, we followed a specific procedure. First, 

we prepared a clear solution by combining equal amounts of polyepoxides and hardener. 

Immediately after, we introduced the upconverting microparticles into the mixture, resulting in a 

solution with a concentration of 50mg/ml. Subsequently, the mixture underwent a curing process 

at room temperature for a duration of 48 hours, allowing the materials to solidify and form the 

desired lenses. 

The IR vision lenses were also integrated with specific IR filters that were designed to 

reflect the 980 nm IR light while allowing the transmission of the 532 nm visible light, as 

demonstrated in Figure 12, depicting the transmission spectrum of these filters. This specific 

design was chosen to serve two primary purposes. Firstly, by reflecting the IR light back towards 

the upconverting particles, they facilitate the generation of additional visible light. Secondly, 

these filters played a crucial role in protecting the eyes from potential damage by effectively 
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filtering out harmful IR radiation while allowing safe transmission of visible light. These 

carefully chosen filters ensure an optimized balance between IR reflection and visible light 

transmission, enabling enhanced IR vision while prioritizing eye safety. 

 

Figure 12- Transmission spectrum of the IR-filter used in our experiments. 

 

To record the emission spectra, we utilized a Shimadzu RF-5301PC 

spectrofluorophotometer and a USB spectrometer from B&W Tek. For the measurement of 

absorption spectra, we employed Shimadzu UV-160U and Shimadzu-1201 UV-Vis 

spectrophotometers. Additionally, the excitation spectra were recorded using a Shimadzu 

RF5000U spectrofluorophotometer. These spectroscopic instruments were carefully chosen for 

their precision and reliability in obtaining accurate and detailed spectral data for our study. 

The absorption cross-section of the NaYF4:Yb,Er microparticles was determined by: 
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𝐴 = − 𝑙𝑜𝑔10

𝐼

𝐼0
= 𝐶 × 𝜀 × 𝐿 (1) 

where 𝐴 is the absorbance, 𝐼0 and 𝐼 are the intensities of the incident and transmitted light, 𝐶 is 

the concentration of attenuating species in the solvent, 𝜀 is the molar absorption coefficient 

(Liter×mol-1×cm-1) at the desired wavelength, and L is the optical path length (cm). The molar 

absorption coefficient was calculated from the ratio of 𝐴 to 𝐶. 

Chlamydomonas reinhardtii cells were procured from Carolina Biological, a trusted supplier 

known for providing high-quality biological materials. The cells were cultured and carefully 

maintained under optimal growth conditions to ensure their vitality and health throughout the 

study. To conduct spectroscopic measurements, the harvested Chlamydomonas reinhardtii cells 

were prepared according to established protocols. This involved taking appropriate steps to 

ensure the integrity of the cells and their chlorophyll content, which is crucial for accurate 

absorption spectrum analysis. 

The experimental setup of spectrophotometer, employed a standard visible microscope 

equipped with a comprehensive full spectrum light source. This light source facilitated the 

illumination of the cells, ensuring that light of various wavelengths was available for absorption 

by the chlorophyll molecules within the cells. To capture the absorption data, a precise 

spectrometer was seamlessly integrated with the microscope, enabling precise measurement of 

the light absorption characteristics. To facilitate accurate targeting and visualization of individual 

cells, a camera was affixed to the microscope. This allowed researchers to precisely locate and 

focus on specific cells of interest, ensuring the reliability and specificity of the measurements. 
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CHAPTER III 

RESULTS AND DISCUSSION* 

 

Excitation and emission spectra of NaYF4:Yb,Er UCPs 

 Figure 13 shows the excitation spectrum of [NaYF4:Yb,Er] when the emission is set at 

540 nm. The spectrum reveals a distinct band with a peak centered at 976 nm, indicating the 

excitation wavelength at which the material exhibits maximum absorption and efficiency for 

generating the desired emission at 540 nm. By analyzing this excitation spectrum, we gain 

valuable insights into the optimal excitation conditions for generating the desired emission 

wavelength. The excitation spectrum of NaYF4:Yb,Er clearly indicates that the material exhibits 

maximum absorption and efficiency when excited at a wavelength of 976 nm.  

 

Figure 13- Excitation spectrum of the NaYF4:Yb,Er micro-crystals 

 The corresponding intense upconverted spectrum obtained from a stepwise two-photon 

process excitation at 980 nm is illustrated in figure14. 

 
* Part of the data reported in this chapter is reprinted with permission from “Enhancing the upconversion efficiency 

of NaYF4:Yb,Er microparticles for infrared vision applications” by Keyvan Khosh Abady, Dinesh Dhankhar, Arjun 

Krishnamoorthi and Peter Rentzepis, 2023. Scientific Reports, 8408, Pages 1-8, Copyright [2023] by Springer 

Nature. 

                        

               

  

  

  

  

  

  

  

  
  
 
 
  
 
  
 
  
  
 
 
  
 
 



 

43 

 

 

 

 

Figure 14- Emission spectrum of the NaYF4:Yb,Er microcrystals under 980nm excitation light 

The molar absorption coefficient of NaYF4:Yb,Er dispersed in water at 980 nm was 

determined to be 150.52 Liter×mol⁻¹×cm⁻¹, obtained from the slope of the linear plot shown in 

Figure 15. Notably, this molar absorption coefficient value remains independent of the solvent 

type, as we utilized the same solvent (distilled water) as the reference. 

 

Figure 15- Absorbance of NaYF4:Yb,Er at 980 nm vs. concentration in a water solvent 
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Applying the Beer-Lambert law to the data shown in Figure 15, we determined that the 

absorbance depended linearly on the concentration of the UCPs in the solution. As the 

concentration increased, the absorbance of the 980 nm light in the solution also increased, while 

the penetration depth decreased. We are investigating whether the dominant mechanism in these 

values is scattering or absorption in order to determine the accuracy of the calculated extinction 

coefficient. By enhancing the molar extinction coefficient cross-section, we can effectively 

increase the efficiency and intensity of the upconverted emission generated by the UCPs. 

 

Effect of the dispersion medium and concentration of UCPs on the intensity of the green 

upconverted light 

Figure 16 illustrates the absorption spectra of water and ethanol at room temperature. It is 

evident from this figure that water exhibits an absorbance of 0.249 at the 980 nm laser pumping 

wavelength. This absorbance value indicates that when we excite the sample with 980 nm light, a 

significant proportion of the excitation light intensity is absorbed by water. Consequently, the 

intensity of the upconverted 540 nm light is proportionally decreased.  
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Figure 16- Absorption spectra of water and ethanol measured at room temperature. 

In order to mitigate this absorption effect, we conducted the experiment using ethanol as 

the solvent instead of water. The absorption spectrum of ethanol, as illustrated in Figure 16, 

demonstrates that its absorbance at 980 nm is only 0.068, significantly lower than the absorbance 

of water (0.249) at the same wavelength. Based on this observation, we selected ethanol as the 

solvent for the experiments presented in this study. Utilizing ethanol allows for reduced 

absorption of the excitation light at 980 nm, enabling a higher proportion of the IR light to 

contribute to the generation of upconverted light at 540 nm. 

Figure 17 displays the relationship between the concentration of upconverting particles 

dispersed in water and ethanol and the corresponding upconversion emission. For concentrations 

up to 1 mg/mL, the intensity of the upconverted light exhibits a linear dependency on the 

concentration. By analyzing the data presented in the figure, it becomes evident that as the 

concentration of upconverting particles increases, the intensity of the upconverted light 

proportionally rises, exhibiting a consistent linear trend. This linear relationship suggests that the 
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upconversion process is directly influenced by the concentration of the particles, allowing for 

precise control over the emitted light intensity. 

 

Figure 17- Upconversion emission intensity measured at 540 nm versus concentration of 

upconverting particles dispersed in ethanol and water.  

 

Effect of the mirror induced multi-reflection on the intensity of the green upconverted light 

under 980 nm excitation 

Only a fraction of the incident infrared light is absorbed by the upconverting particles, 

while the remaining portion of light is either scattered or transmitted through the sample. To 

maximize the utilization of the transmitted infrared light, we employed a mirror configuration 

that reflects this light back into the sample, enabling a second pass through the upconverting 

particles. In an ideal scenario, a single mirror can lead to a two-fold enhancement in the intensity 

of the upconverted emission. 

To further enhance the upconverted emission intensity and capture the scattered infrared 
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light from various directions, we placed mirrors on the sides of the cuvette. This arrangement 

ensures that the scattered infrared light is reflected back into the sample, increasing the chances 

of interaction with the upconverting particles and improve the efficiency of upconversion 

processes. By optimizing the use of mirrors in this manner, we can maximize the overall 

upconverted emission intensity and improve the performance of our experimental setup. 

Figure 18 presents the upconverted emission spectra obtained from a suspension of UCP 

in ethanol with the concentration of 0.1 mg/mL under 980 nm laser excitation, both with and 

without a single back reflecting mirror. The results clearly show an enhancement of nearly two 

times when the mirror is used. However, when water was used as the dispersion medium, the 

upconversion emission intensity and enhancement factor were slightly lower than two. This 

discrepancy can be attributed to the absorption of a portion of the 980 nm light by water, leading 

to additional attenuation of the reflected light. 

 

Figure 18- Two times enhancement of upconverted emission with a single mirror. 

The upconverted emission intensities as a function of concentration are depicted in 

Figures 18A and 18B for the upconverting particles dispersed in water and ethanol, respectively. 
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In these figures, the effect of placing mirrors on different sides of the cuvette is demonstrated. As 

shown in these figures, the presence of mirrors leads to further enhancement of the visible 

upconverted emission by nearly a factor of three, for a wide range of concentrations. Figures 

19A and B confirm the expected observation that the upconversion emission is more intense 

when ethanol is used as the dispersion medium compared to water. This can be attributed to the 

low absorption of 980 nm light by ethanol, as mentioned earlier. 

 

 

Figure 19- Effect on emission intensity at 540nm by placing one, two, three, and four mirrors on 

the sides of the cuvette containing UCPs dispersed in (A) water and (B) ethanol 

Effect of the excitation light intensity on upconversion intensity 

Figure 20 illustrates the quadratic relationship between the input light intensity at 980 nm 

and the output light intensity at 540 nm for different concentrations (0.25, 0.5, 1, 2 mg/mL). The 

quadratic nature of the curves clearly demonstrates that higher power densities lead to increased 

upconversion efficiencies. These data also provide a reason why it is very difficult to achieve 

upconverted intensities higher than three or four times, even if we place mirrors all around the 

cuvette. The intensity of the scattered IR light and the IR light after several reflections decreases 
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to an extent (power per unit area) due to the loss of the mirrors, which results in lowering two-

photon upconversion luminescent. Furthermore, Figure 20 indicates that as the concentration 

increases, the second derivative of the curve also increases, indicating a steeper slope and higher 

upconversion efficiency, as expected. 

 

Figure 20- Effect of the concentration of upconverting particles on the slope of the power of 

excitation light intensity versus the upconverted emission light intensity. 

Bleaching of Rhodopsin with upconverting particles 

An intriguing experiment was conducted to demonstrate the conversion of infrared (IR) 

to visible light by examining the bleaching of bovine rhodopsin, a key molecule responsible for 

vision in the eyes. Rhodopsin bleaching occurs only when exposed to visible light, specifically at 

540 nm, while it exhibits no absorption or bleaching at 980 nm. Rhodopsin, which facilitates low 

light intensity vision, exhibits maximum absorption around 540 nm and no absorption at 980 nm. 

When a 40-microliter solution of rhodopsin was illuminated with 980 nm, 80 mW laser light for 

15 minutes, no bleaching occurred. However, when upconverting particles were introduced in 
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front of the rhodopsin sample and illuminated with the same intensity of 980 nm IR light, the 

sample was rapidly bleached within milliseconds, mimicking the effect of visible light (Figure 

21). This compelling result clearly demonstrated the potential of these IR-to-visible light 

upconverting particles to enable infrared vision. 

 

Figure 21- (A) Absorption spectra of rhodopsin, before bleaching and (B) after bleaching with 

980 nm laser light in the presence of upconverting particles and (C) the difference absorption 

spectrum between before and after bleaching spectra. 

Broadband, IR and visible vision glasses 

We have successfully designed and fabricated optical eyeglasses that have the remarkable 

ability to upconvert near-infrared (NIR) light into visible green light, enabling the detection of 

infrared (IR) images. These glasses are coated with upconverting particles that can convert IR to 

visible light. The glasses incorporate a filter that selectively transmits green light while reflecting 

the infrared wavelengths. When an IR light image reaches the glass, it forms an image on the 

microparticle-coated surface. The upconverting particles convert the IR image into visible light 

(540 nm), which is then transmitted through the glasses for detection by the human eyes. 

               

               

    

    

    

    

    

  
  
 
 
  
 
  
 
  
  
 
 
  
 
 

               

               

    

    

    

    

    

  
  
 
 
  
 
  
 
  
  
 
 
  
 
 

               

               

     

     

     

     

     

  
  
 
 
  
 
  
 
  
  
 
 
  
 
 



 

51 

 

 

 

In Figure 22A, an example image formed on the eyeglass coated with the [NaYF4:Yb,Er] 

upconverting particles under 980 nm infrared illumination is displayed. The object used in the 

figure was the letter "A" written on a piece of glass placed in front of the coated eyeglass. The 

power density of the 980 nm infrared light was approximately 40 mW/cm2, while the power 

density of the visible light illumination was approximately 1 mW/cm2. The image shown in 

Figure 22A was captured by positioning a camera behind the coated eyeglass, simulating the 

perspective of human eyes. To ensure eye safety, a near-infrared filter is applied to the backside 

of the glass, protecting the eyes from intense near-infrared light. This additional filter enhances 

the intensity of the green image by allowing the reflected 980 nm light to pass through the 

upconverting particles once again. 

 
Figure 22- (A) Image recorded through the described optical eyeglasses under 980 nm infrared 

illumination and (B) 980 nm to vision glasses fabricated by upconverting micro-particles 

dispersed in clear resin. 

 

Low-cost absorption microspectrophotometer 

In this study, our objective was also to investigate and characterize the action spectrum of 

the living cells of Chlamydomonas reinhardtii. By conducting this analysis, we aimed to gain 

 yeglass lens coated with

 upconverting particles

To eye

  0nm light 5 0nm green upconverted light
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valuable insights into the light-capturing properties and photosynthetic processes occurring 

within these cells. To measure the action spectrum of the living cells, a common approach is to 

use spectroscopy techniques such as microphotospectroscopy as we discussed before. To that 

effect, the selected wavelength of light (400-700 nm) is directed onto the Chlamydomonas 

reinhardtii cells through the microscope we discussed in method section. Then, the transmitted 

light is collected, and its intensity at every wavelength is measured using the spectrometer. The 

measured intensities at different wavelengths are used to construct the action spectrum of the 

Chlamydomonas reinhardtii living cells as shown in Figure 23. This absorption is essentially due 

to the chlorophylls and the carotenoids. This spectrum represents the efficiency of light 

absorption by these cells at different wavelengths and provides insights into the pigment's light-

harvesting capabilities. Figure 24 displays an image depicting a single cell of Chlamydomonas 

reinhardtii under the microscope with 100X magnification. 

 

Figure 23- Steady-state absorption spectrum of Chlamydomonas reinhardtii recorded 

using our homebuilt visible light microscope. 
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Figure 24- Microscopic Images of the Chlamydomonas reinhardtii single Cell. 

By utilizing a 638 nm LED light as an excitation source, we also successfully obtained 

the emission spectrum of Chlamydomonas reinhardtii cells. The results, showcased in Figure 25, 

reveal a pronounced peak at 685 nm, highlighting the dominant emission wavelength.  

By employing this well-designed experimental setup, combining the power of 

microscopy and spectroscopy, our study was able to investigate the absorption spectrum of 

Chlamydomonas reinhardtii cells with enhanced precision and accuracy. The utilization of these 

advanced techniques and equipment contributes to the reliability and quality of the data obtained, 

thereby strengthening the scientific rigor of our research.  
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Figure 25- Emission spectrum (excitation at 638nm) of Chlamydomonas reinhardtii recorded 

using our homebuilt visible light Microscope. 
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CHAPTER IV 

CONCLUSIONS AND OUTLOOK 

 

We have studied the process of IR to visible light upconversion using rare-earth ion 

doped micro-particles (NaYF4:Yb,Er), which are one of the most efficient sensitizers and 

activator materials used for up-converting infrared light to visible. In particular, we studied the 

two-photon stepwise nonlinear process for the conversion of 980 nm IR excitation light to 540 

nm visible light. The increase in the intensity of the upconverted green light was studied, also as 

a function of microparticle concentration and by the placement of reflective mirrors on the sides 

of the cell that contain the microparticles. This made it possible to increase the intensity of the 

upconverted 540 nm light several times. In addition, the use of ethanol instead of water as the 

solvent increased the intensity of 540 nm light significantly. 

We, also, were able to utilize upconverting particles to bleach rhodopsin, which is 

responsible for vision, using 980 nm infrared light, interacting with upconverting particles, 

which shows that these particles can be used to induce vision in the infrared region. In addition, 

we designed and constructed thin eyeglass lenses that are coated with the UCPs and can be used 

to convert NIR images to 540 nm visible light images. We are now studying various nano and 

micron-sized materials and methods in order to increase severalfold the IR to visible 

upconversion efficiency. 

Additionally, we describe the design, construction and utilization of cost-effective 

microscopetrophotometer instruments that have facilitated the accurate recording of absorption 

and emission spectra for microscopic samples. These instruments have been designed using 
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readily accessible and affordable components, offering a versatile solution with broad potential 

applications. They enable investigations spanning biomolecular spectra analysis, identification, 

and quantitation of biological species and molecules at low volumes and concentrations, as well 

as the examination of protein crystals, biological cells, molecules, and inorganic samples on a 

micron scale. The affordability and accessibility of this instrument make it a valuable tool for 

researchers seeking to explore and analyze a wide range of microscopic samples across various 

scientific domains. 
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