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Abstract

:

Luminescent optical concentrators are thin films containing fluorescent dyes that enable light collection over a wide field of view without the need to track the path of the Sun. However, a disadvantage when using luminescent concentrators is that the performance is often impeded by surface losses through these films. Liquid-crystal (LC) hosts are attractive for luminescent concentrators, as they impart, at the very least, an orientational ordering to the transition dipole moment of the dyes dispersed within these films. This enables the directivity of both the absorption and emission and can reduce surface losses by, for example, adopting the homeotropic alignment of the LC director. This article reviews the developments and applications of LCs to luminescent optical concentrators and describes the strategies that have been introduced to further combat losses by decoupling the absorption and emission processes through Förster energy transfer, the approaches employed to enhance the chemical structures of the dyes, and the methods of using alternative LC phases and external configurations. The review presents a comprehensive summary of the material combinations and the techniques that have been considered in the development of LC-based concentrator films and concludes with a discussion about the future perspectives for these exciting optical concentrators.
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1. Introduction


The purpose of this article is to provide a comprehensive review of the ways in which liquid crystals (LCs) have been implemented for use in solar luminescent concentrators. The review is organized into three inter-related branches of research: LC alignments, the optimization of the chemical structure of the dye, and the use of LC-based reflectors. In this introductory section, the concept of a luminescent concentrator is initially described, followed by the motivation for using LCs. The introduction concludes with a detailed overview of the organization of this review article.



Solar energy collection involves the use of photo-voltaic cells/receivers with small active areas [1,2]. To circumvent the requirement for placing many such expensive receivers over a large area (so as to generate sufficient power), optical concentration has been used instead to collect energy over a larger surface area and then concentrate it onto the receiver. Traditionally, this has been achieved by using optical concentrators, and there have been a couple of ways in which they have been implemented [3,4], namely, by relying on directly focusing the sunlight and by using additional associated reflectors for better concentration. Both of these have provided a significant amount of light concentration and simultaneously reduced the cost of generating solar electricity [5]. With such concentrators, however, there arises a need to install additional systems to track the path of the Sun [6]. They need to be installed with expensive single- or double-directional tracking systems to trace the path of the Sun, thereby adding to their expense and complexity [7,8]. They tend to perform less effectively in the case of indirect or diffused sunlight and thus are not useful in geographical areas with cloudy environments or shading [9,10]. These limitations necessitated the development of an alternate means of concentration, one that did not need complex tracking designs and that could work in diffused or indirect light as well.



1.1. Luminescent Concentrators


Research groups in the 1970s began developing a new technique of optical concentration [11,12,13,14,15,16]. This involved the use of luminescent dyes (generally of the type used in dye lasers) doped into a polymer host to produce luminescent films that acted as concentrators. For solar energy concentration in particular, these films are also known as luminescent solar concentrators (LSCs).



A pictorial depiction of the working principle of a luminescent concentrator is shown in Figure 1. The thickness of such films can range from a few tens of µm (representing thin films) to a few mm (representing slabs). The incident light on the surface of the film is absorbed and then re-emitted at longer wavelengths to be waveguided towards the edges of the film. Consequently, the brightness of the output will depend on the effective volume of the dye excited by the incoming radiation, along with the surface losses and re-absorption losses exhibited by the fluorophore before reaching the collector edge. It is this combination of different processes that enabled the concentration of sunlight over a wide field of view without the need to track the Sun. This advantage attracted interest from the solar research community, and since then, many different studies and reviews have been presented that describe how to improve the efficiency of these fluorescent films for solar energy collection [17,18,19,20,21,22,23,24,25,26,27]. Luminescent concentrators have also attracted interest for other applications besides solar energy collection. For recent reviews that comprehensively list and discuss these applications, the reader is directed to refs. [28,29].




1.2. Liquid Crystals as Host Materials


Typically, the receiver is placed at one or more edges of the concentrator. The internal optical efficiency of a luminescent concentrator can then be defined as the ratio of the intensity of the fluorescence emission that reaches the detector to the intensity of the incident light [30].



To improve this ratio, the following conditions should be satisfied: firstly, the absorption of the light that is incident on the surface should be maximized, and the light that escapes through the film should be minimized. Secondly, the resulting fluorescence emission should be waveguided towards the edges by total internal reflection, with minimal losses through the surfaces. Surface loss is defined as the loss of light that escapes the critical cone of refraction through the surface of the film without being internally reflected [31].



One approach to achieving these conditions is to impart macroscopic directivity to the properties of absorption and emission in the films. This could be achieved by considering the use of dyes that have a more asymmetric molecular shape exhibiting a long molecular axis and combining these with a host material that provides macroscopic physical ordering to their absorption and emission transition dipole moments. This macroscopic ordering would lead to a preferred directivity in terms of absorption and emission, thereby enabling control over maximizing the absorption and re-directing the emission to reduce surface losses. The quality of the ordering, described quantitatively by a scalar order parameter, depends on both the anisotropy of the dye molecules and the order parameter of the host [32].



A host material that can impose a macroscopic orientational ordering on an asymmetric-shaped dye is a nematic LC, whose molecules align along a pseudo-unit vector known as the director [33,34,35]. Liquid crystals have been tremendously successful in flat-panel display technologies [36] and have been/are being considered for a broad range of alternative applications, including high-frequency technologies [37,38], biological systems [39], opto-electronic applications [40], communication engineering [41,42], and much more.



With nematic LC hosts, the dye guest–host effect described in Box 1 means that the transition dipole moments of the dye molecules also tend to align along this LC director [43]. The orientation of the director can be tuned using a range of external stimuli, which also enables the control of the anisotropy of the absorption by and emission from the luminescent film. LCs are therefore particularly interesting for luminescent concentrators because of the macroscopic ordering and their tuneable physical characteristics. In combination, these properties can serve to reduce the losses through the film.



Surface losses can also be reduced with the use of reflectors. For example, wavelength-selective reflectors external to the luminescent films can be employed: these transmit the incident wavelengths that need to be absorbed by the dyes but selectively reflect any light that is emitted by the dyes through fluorescence, which would otherwise escape from the film. Inorganic reflectors have been previously realized for luminescent concentrators for this purpose [44,45,46]. However, the relatively complex fabrication process means that there arises a need to devise a simpler way to realize a wavelength-selective reflector. To this end, the chiral nematic (alternatively known as cholesteric) mesophase has been employed to create thin-film organic reflectors. Chiral nematic LCs exhibit a director that forms a one-dimensional macroscopic helix with a length scale defined by the pitch (the distance over which the director rotates through a full 2π) [47]. This helical formation of the director provides a bandgap that gives rise to selective reflection, and the spectral location and width of this bandgap depend on the pitch of the helix, which can be tuned by adjusting the concentration of the chiral dopant [48]. This bandgap means that chiral nematic LC films can be used as wavelength-selective organic reflectors, therefore ensuring a further reduction in surface losses.





Box 1. The guest–host effect in liquid crystals.






The asymmetry in the molecular structures of organic dyes in terms of their length and breadth is represented by their aspect ratio and the presence of a long molecular axis. The higher the aspect ratio, the more asymmetric the structure, leading to a greater degree of anisotropy in the absorption and emission properties. In a nematic LC (a mesophase with long-range orientational order, but no positional order), the guest–host effect means that the long molecular axes of the dye molecules are typically distributed around the LC director n to form, on average, an angle of   θ  dye, as shown in Figure 2a. The absorption transition dipole moment aligns at an angle β to the long molecular axis. The absorbance depends on the cosine square of the angle between the absorption transition dipole moment and the polarization of the incident light [49]. Upon excitation, a dye molecule emits light as a radiating dipole, as shown in Figure 2b. The spatial intensity variation will follow the sine square of the angle that the propagation vector makes with the emission transition dipole moment [50]. The quality of the alignment of the absorption and emission transition dipole moments with the director is reflected in their respective order parameters. An order parameter (Sd) describes the overall ordering of the sample, and this also includes the effect of the ordering of the LC host itself. For a dichroic ratio D = A||/A  ⊥  , where A|| and A  ⊥   are, respectively, the values of absorbance for incident light parallel and perpendicular to the LC director, the order parameter can be defined as Sd = (D − 1)/(D + 2). The macroscopic director of a nematic LC host can be oriented along different directions, such as the planar (parallel to the substrates of the concentrator) and homeotropic (perpendicular to the substrates of the concentrator) alignments. Due to the guest–host effect, the transition dipole moments of the dye molecules can therefore also align along different directions determined by the orientation of the LC director. As a result, this represents an advantage in terms of control over the directivity of the absorbance and emission in such dye-doped LCs.
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Figure 2. (a) Reprinted with permission from [49]. The average pointing direction of the LC molecules is referred to as the director n, and the molecules locally orient at an angle of   θ  host relative to this pseudo-unit vector. In an LC host, the guest–host effect means that the long molecular axis of a dye aligns preferentially along the director n by being distributed at an angle of   θ  dye. The absorption transition dipole moment aligns along the director at an angle of β. The higher the asymmetry in the molecular structure, the smaller these angles, and thus, there will be a higher quality of alignment with the director n. (b) Reprinted from [50] with permission from AIP Publishing, New York, NY, United States. A fluorescent dye emitting photo-luminescence (PL) in both p and s polarizations as a radiating dipole. 
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1.3. Organization of This Review Article


Given the advantages of being able to create films with directive absorption and emission properties or with selective reflection properties, LCs have attracted considerable attention for use in luminescent concentrators. In light of this interest and the available body of literature, this paper comprehensively reviews the ways in which LCs have been implemented for use in luminescent concentrators. It presents the review by organizing the body of literature into three inter-related branches of research, as follows: First, we review reports that have investigated different alignments of the fluorophore using LCs. Second, we describe research that has focused on optimizing the chemical structures of the dye and approaches that have involved combining more than one dye in the concentrator. Third, the review also discusses the use of chiral nematic LCs as external reflective films for luminescent concentrators. Previous reviews have tended to focus more broadly on the topic of luminescent concentrators [22,23,24,26,27], whereas, in this paper, we consider in more depth the developments and understanding that are exclusive to LC concentrators.



This review is organized as follows. In Section 2, the review first summarizes the material combinations and techniques that have been investigated to realize the different LC-based luminescent concentrator films. Section 3 then discusses and presents a review of the first branch of research, which is carried out on the different LC alignments that have been considered (e.g., planar, homeotropic, hybrid), along with the accompanying analytical modelling of the effects that these alignments have on the absorption and fluorescence properties of the guest dyes. Section 4 then considers the second branch, which focuses on the research carried out to date on the development of dyes used in the films. Specifically, this section also reviews the work on different dye combinations linked by Förster resonance to improve light coupling when homeotropic alignments are used. This is followed by Section 5, which focuses on the third branch, namely, the implementation of chiral nematic LC reflectors. This section discusses the problem of the blueshift in the photonic bandgap for oblique incidences and the approaches that have been introduced to circumvent this issue. The conclusions, current technological limitations, and future perspectives are presented in the final section, Section 6.





2. Material Combinations and Characterization Techniques


A key list of the LC hosts, dyes, and other dopants (such as reactive mesogens and chiral dopants) used to realize LC luminescent concentrators is shown in Figure 3 pertaining to the discussion in Box 2. A commonly used LC host is the nematic LC mixture E7, where one of the components in the mixture is 5CB (Figure 3a). To realize a guest–host alignment inside the concentrator, the dyes most commonly studied have been Coumarins (Figure 3j), such as Coumarin-6 and K160, and perylene bisimides (for example, Figure 3h,i) because of their photostability, luminescence yield, and anisotropic molecular structures.





Box 2. Liquid-crystal hosts, chiral additives, reactive mesogens, and dyes used in luminescent concentrators reported in the literature.






The nematic LC mixture E7 + RM82/RM257 has been used as a host for dyes such as Rhodamine B, DCM, Red 305, Coumarin 6, and a derivative of Coumarin referred to as DFSB-K160 (respectively, Figure 3h,j–l). (Note: DFSB-K160 is a commercial product of Risk Reactor Inc., Santa Ana, California, United States, and its molecular structure is not published.) The 5CB LC has also been used as a host on its own for a Förster resonance pair comprising the OEP porphyrin (Figure 3m) and Rhodamine 800 (Figure 3n) dyes. The Nematal 105 LC (Figure 3b) has been used as a host for the PDI dye (a perylene-based dye) (Figure 3i), inducing a homeotropic alignment.



The dyes linked by Förster resonance are characterized as a donor and an acceptor. The donor (D)-and-acceptor (A) pairs for luminescent concentrator films have generally been PbS–quantum dots (D)–Coumarin-6 (A), Coumarin-6 (D)–Red 305 (A), and OEP-porphyrin (D)–Rhodamine (800) (A). Among these pairs, the donors have commonly been more isotropic in their chemical structures compared to their acceptor counterparts. LC756 has been used as a right-handed chiral dopant in E7 + RM82-based liquid-crystal polymer hosts to realize chiral nematic reflector films.







The structures of perylene bisimides have also been further optimized (discussed separately in Section 4). In addition, studies have considered locking in the LC alignment with photo-polymerizable reactive mesogens (RMs), for example, with RM82 or RM257 diacrylates (Figure 3f,g), in the presence of a photoinitiator (for example, Irgacure 184 in Figure 3c). Separately, for the chiral nematic mesophase, researchers have tended to opt for the LC756 chiral dopant (in the E7 + RM82 host), which is a right-handed chiral dopant (BASF) that has a helical twisting power of ≈+50 µm−1 (the exact value depends on the nematic host) (Figure 3e). The average thickness of the films that have been studied for luminescent solar concentrators has generally been in the range of 5–20 µm. Mixtures have typically been prepared by thermal diffusion at a temperature where the LC host is in the isotropic phase. In some cases, mixtures have been prepared in the presence of a solvent, such as toluene, with gentle stirring on a hot plate to improve the solubility of the dye in the LC host.



There have been two common techniques employed for the fabrication of LC-based luminescent concentrator films. One method involves first spin coating (typically around 1000 rpm for 15–30 s) a dye-doped LC solution onto a glass slide or a PMMA/Polycarbonate-based plate. The glass slide is typically coated apriori with a layer of surfactant (for example, Xylene or polyvinyl alcohol), and it is mechanically rubbed with a velvet cloth to induce a planar alignment. After spin coating, the samples are exposed to ultraviolet (UV) light in a nitrogen environment to form a cross-linked solid-dye-doped LC film. Another method involves the capillary filling of the dye-doped solution between glass substrates, separated by spacers and coated with a transparent conductive layer and/or a surfactant to trigger a macroscopic alignment of the LC director.



The technique favoured for the fabrication of chiral nematic reflectors has been to spin coat (using similar parameters to those mentioned above) and then UV crosslink a polymerizable chiral nematic LC on one/either side of a half-wave plate. Films created on either side of the half-wave plate result in polarization-independent reflectors, which will be discussed further in Section 5. Each side of the half-wave plate is coated with a surfactant and then mechanically rubbed to induce a planar alignment. To measure surface losses, a technique that is often employed is to illuminate the sample with a halogen lamp and to collect the emission using an integrating sphere (similar to the one shown in Figure 4c).




3. Liquid-Crystal Alignments


The idea of using LC hosts was initially proposed in ref. [58] with the key aims of reducing surface losses and improving the emission at the edges so as to improve the internal optical efficiency (defined as the ratio of light emitted to that absorbed). This has been achieved by aligning the transition dipole moment of the dye with the LC director, which is tuned so that the emission from the dyes at a macroscopic scale is coupled more towards the edges of the concentrator. Studies that have considered different alignments and the impact that they have on the performance of the luminescent concentrator will now be discussed in more detail in the following subsections.



3.1. Planar Alignments


A planar alignment of an E7 + RM82-based nematic LC host was demonstrated in [51]. Therein, a study was carried out on the role of anisotropy and the improvement in the edge emission in the concentrator for three different dyes, K160, DCM, and Rhodamine B, each having different orientational order parameters. As shown in the schematic in Figure 4a, there occurred a difference in the intensity of emission between orthogonal edges due to the alignment of the LC director. This was accompanied by a re-distribution of the emission along the edges. The authors determined the outputs from each edge and observed that (Figure 4b) the edge parallel to the rubbing direction/LC director (black-coloured data) showed a higher output than an edge that was oriented orthogonal to the LC director (grey-coloured data). It was also observed that the higher the anisotropy in the chemical structure of the dye (observed in Box 2), the higher the order parameter: Sd = 0.6 for K160 (compared to Sd = 0.05 for Rhodamine B, and Sd = 0.25 with DCM). It was also observed that by using dyes that are more anisotropic in nature, one can reduce the requirement for covering all four edges of the concentrator with photo-voltaic (PV) cells. Using an integrating sphere, the emission from the edge of the cell was determined (Figure 4c). In this work, the concentrators were 3–6 µm thick films that had been spin-coated and polymerized onto thick PMMA layers. For the K160 dye, which showed the highest orientational order parameter of the dye, Sd = 0.6, the authors reported a 30% improvement in the light output from the edge parallel to the director when compared to the emission recorded at any edge of another similar sample without the macroscopic LC alignment. This improvement of 30% was also the highest compared to the other two dyes having lower order parameters, which also meant that the higher the order parameter, the greater the anisotropy and the improvement in light emission.



Planar LC alignment was also studied in [53], where the concentrator was employed as an energy-harvesting polarizer that could be used in display devices. Here, the planar-aligned long molecular axes of the dye molecules preferentially absorb energy for a specific polarization whilst transmitting the remaining orthogonally polarized component through the concentrator. This resulting orthogonally polarized transmitted beam means that the luminescent concentrator effectively behaves as a linear polarizer (Figure 4d). This comes in addition to harvesting the energy of the absorbed polarization and directing the emission towards a PV, which is unlike a conventional polarizer where the energy is dissipated. For the purpose of demonstration, two example systems were considered (in a polymerizable liquid-crystal host): one with Coumarin-6 and another with a combination of two dyes, Coumarin-6 and DCM. The system with two dyes was considered as it also represents a concentrator that hosts two or more dye molecules that transfer energy in a cascade and harvest indoor radiation across the visible spectrum. The sample with only Coumarin-6 was measured to have an optical efficiency of 38% for light polarized parallel to the host director and 17% for light polarized perpendicular to the host director. For the system with a combination of dyes, optical efficiencies of 34% and 18% were measured, respectively, for light polarized parallel and perpendicular to the host director. These measurements of optical efficiency meant that the samples show anisotropy in harvesting light based on the polarization of incidence. The other polarization is not harvested but is allowed to pass through to enable the demonstration of a linear polarizer.




3.2. Homeotropic Alignments


While planar alignment has been used to demonstrate anisotropy in luminescent concentrators, homeotropic alignment has also attracted interest. The key benefit of this alignment configuration is that the emitted light is coupled more towards the edges of the concentrator rather than the surfaces, leading to an improvement in the internal optical efficiency of the concentrator. This benefit comes at the expense of a substantial reduction in the absorbance at normal incidence. The performance of the concentrator depends on the quality of the alignment of the dye (the order parameter) with the LC host, which is something that will be discussed further in Section 4; this section considers research carried out to optimize the chemical structures of dyes so as to ensure a larger orientational order parameter of the transition dipole moments of the dye. Alongside the quality of alignment, different methods have been used to achieve a homeotropic alignment, which can be categorized as either those that involve the application of a voltage across a planar-aligned LC cell (as in the initial studies [52,55]) or those that use surfactants [56,57].



The interest in the beginning was to experimentally establish what happens to the internal optical efficiency in the homeotropic alignment. One study [55] was performed where a concentrator was fabricated that was 20 µm thick and that was capillary-filled with a mixture of E7 and K160. The glass slides forming the concentrator were coated with transparent conductors and rubbed with polyimide surfactants to promote a planar alignment of the director in the absence of an applied voltage. By increasing the voltage across the concentrator, the LC alignment changed from a planar alignment towards a homeotropic alignment. During the investigation, two key observations were made. One, the absorbance and the edge emission of the concentrator were reduced. Two, the extent of the reduction in the edge emission was lower than that of the reduction in the absorbance. This meant that as the alignment changed to homeotropic with an increase in the voltage, there was an improvement in the internal efficiency of 25% (Figure 5a), along with a reduction in surface losses of 27%. An improvement in the optical efficiency despite a reduction in the absorbance became the key motivation for the further investigation of homeotropic alignments.



A separate study was carried out to determine (theoretically) the efficiency of trapping the emitted fluorescence using homeotropic alignments [56]. The analytical results were presented for the trapping efficiency based on several assumptions. Specifically, it was assumed that a transition dipole aligned parallel to the long molecular axis determines the emission pattern and that the time-averaged power density of the emission could be characterized as that from a Hertzian dipole. These assumptions formed the basis of calculating different angles of dye inclination   θ  D with respect to the surface normal, which, for a waveguide and cladding refractive index nS and nC, respectively, was expressed as


   η  t r a p   (  θ D  ) =   1 −    n C 2     n S 2      ( 1 +    n C 2    2  n S 2    [ 1 −  3 2    sin  2  (  θ D  ) ] ) .  



(1)







For an air cladding and a waveguide refractive index of 1.7, it could be observed that the trapping efficiency increased from 73% for a planar LC alignment to 95% for a homeotropic alignment. Using a Coumarin-6-based concentrator (in an LC host—UCL018, Dai Nippon Ink and Chemicals Ltd., Tokyo, Japan) practically realized as a spin-coated and UV-cured thin film, the authors experimentally demonstrated that the homeotropic alignment provided a trapping efficiency of 81%, within the limits of imperfect dye alignment. However, there still remained the problem of weak absorbance with a homeotropically aligned dye, which leads to a low edge emission overall. One way to overcome this would be to use diffusers (external holographic diffusers) so that some part of the diffused incident light may have a polarization more aligned with the director and thus result in better absorbance. For this, the authors first performed experiments to characterize an improvement in the edge emission with an increasing angle of incident light from 0° to 55° to observe a monotonic increase in the normalized edge power of ≈45%. With the increasing strength of the diffuser, quantified in terms of the diffusion angle from 10° to 60°, the normalized edge power improved by ≈22%.



Another independent study was performed in [52], where the advantages of a homeotropic alignment in terms of improving the edge emission and reducing the surface emission were demonstrated by achieving excitation in a different way. It was argued that excitation (unpolarized Xenon lamp) from the top surface (T) (Figure 5b) does not give a clear picture of the effect of the homeotropic alignment compared to when the excitation is from one of the narrow edges (S) of the concentrator. For a homeotropic alignment, excitation from the top surface only helps observe a reduction in the surface emission. An improvement in the light coupling towards the edges with the homeotropic alignment cannot be demonstrated in this case because the absorbance from the top surface also decreases. An edge-based excitation, on the other hand, circumvents this problem of a reduction in absorbance (indicated as 1 in Figure 5b) and clearly demonstrates enhanced coupling (2) and a reduction in surface losses (3), with increased in-plane propagation (4). The effect of the application of the voltage across the film to demonstrate the effect that a homeotropic alignment has on the surface and the edge emission was observed, as shown in Figure 5c A and B, respectively. The surface emission is reduced by approximately a third, which is within the limitations of the alignment of the dye in the LC host. The emission from the edge of the concentrator was also shown to improve with a homeotropic alignment, something that was demonstrated for the first time. The authors of ref. [52], however, acknowledged that the homeotropic alignment alone is not sufficient to make an efficient concentrator. In their report, Macqueen et al. suggested using Förster resonance energy transfer (FRET), which was later demonstrated and is a subject that will be discussed further in Section 4.




3.3. Theoretical Modelling


The assumption of an isotropic emitter is generally employed when modelling the behaviour of luminescent concentrators. This assumption remains valid as long as the emitter is an isotropically emitting fluorophore and/or when the incident illumination is uniform from all directions. As mentioned in Box 2, the organic dyes considered in LC-based luminescent concentrators are not completely isotropic. The emission profile depends on both the dichroism of the dye and the angle of incidence of the sunlight relative to the concentrator. In reality, such emission profiles also further lead to successive re-absorption and re-emission, resulting in higher surface losses than those predicted with isotropic models. Therefore, to model the behaviour of an LC-based luminescent concentrator that contains dichroic dyes, it is important to incorporate these additional factors of dichroism and angular dependence into the concentrator simulations.



To this end, researchers have attempted to incorporate the dichroic nature of the dyes into simulation models that further enable one to predict the relationship between the fractional surface losses and the average number of re-absorption events in a concentrator. For isotropic ensembles of dichroic dyes, the model presented in ref. [59] involves the calculation of the fractional surface loss equated to a series sum of the trapping efficiencies after every re-emission event. The model was found to be in good agreement with previous experimental findings [51,55], for example, in terms of being able to predict the additional fractional surface losses, which could be attributed to the dependence of the emission profile and the subsequent degree of re-absorption on the direction of light incidence. In terms of understanding what factors are important in reducing surface losses, the model points towards reducing re-absorption-and-re-emission events by reducing the dye concentration.



A subsequent study [60] went a step further to include the nematic ordering and developed a formalism to describe aligned dye systems more generally. In this model, the authors assumed a guest–host distribution of the dye (μ) at a general tilt angle θ to the LC director along the z-axis, as shown in Figure 6 (left). They first used the Legendre polynomial (P2n)-based expansion [61,62] to express the distribution f(Ω) of the dye molecules around the director as


  f ( Ω ) =   ∑  n   1 2  ( 4 n + 1 )  S  2 n    P  2 n   cos ( θ ) d θ ,  



(2)




where S2n (n    ∈ N  o) represents the order parameters. These lead to a spatial light intensity distribution I, expressed as a function of two specific orders, S2,opt and S4,opt, as described in Ref. [63]. The resulting intensity distribution can be written as


      I ∝      C 1  ( 56 − 80  S  2 , o p t   + 24  S  4 , o p t   ) ,          +  C 2  ( 14 + 10  S  2 , o p t   − 24  S  4 , o p t   ) ,          +  C 3  ( 21 + 60  S  2 , o p t   + 24  S  4 , o p t   ) ,      



(3)




where C1, C2, and C3 are coefficients. These coefficients C1, C2, and C3 are expressed as a function of the angles of light emission α and β and the incoming angle of light incidence ψ, as represented in Figure 6 (right). This formalism was analysed for the specific cases of planar and homeotropic alignments of the dye in a nematic LC host. The intensity of emission expressed in (4) enables the simulation and prediction of the resulting anisotropy in the emission at the edges of the concentrator. The dye order parameter (determined from the fluorescence measurements) was calculated and found to be Sd = 0.35, which was in close agreement with the values obtained experimentally (Sd = 0.37) in [51,56]. This agreement with experiments provides confidence in the model. However, it should be noted that the birefringence of the host and the effect of re-absorption were not considered in this model.




3.4. Dye-Doped Chiral Nematic and Twisted Nematic Phases


The chiral nematic phase has also been considered as a means of reducing surface losses and improving the edge emission. The chiral nematic mesophase consists of a helical twist in the LC director such that this helical arrangement gives rise to a photonic bandgap in the transmission properties, with the pitch of the helix defining its central spectral position and the bandwidth (along with the refractive indices of the LC mixture) [47,48,64]. The pitch of the helix can be controlled by defining the concentration of the chiral dopant in the nematic host such that with higher concentrations, shorter pitches can be obtained. A higher concentration also means that the bandgap will be narrower and blue-shifted towards shorter wavelengths.



Researchers showed in [65] that the bandgap of the chiral nematic phase could be used to reduce surface losses by optimizing its spectral position. In this case, a 5CB-LC-based 10 µm thin film doped with a perylene dye and a cholesteryl oleyl carbonate (COC, Sigma-Aldrich, St. Louis, MO, United States)-based chiral dopant was fabricated. The solution was poured into a glass cell with planar alignment layers and then gradually cooled from the isotropic phase to form a uniform Grandjean alignment. Two cases were considered, where the bandgaps were located at different spectral positions. In the first case, A, the bandgap was co-located with the absorbance spectrum of the dye, with the central wavelength of the bandgap at 500 nm. In the second case, B, the bandgap was co-located with the emission spectrum of the dye, with the central wavelength at 690 nm.



A schematic illustrating what happens inside the concentrator for cases A and B is shown in Figure 7a (left) and (right), respectively. Compared to case A, the emission from the surface is more confined for case B, leading to a higher output emission from the collector edge. The spectral position of the bandgap was also analysed in terms of the effect of self-absorption. A beam with a 2 mm spot diameter was incident, and the distance between the excitation spot and the collector edge was varied. A spectrally bi-modal emission was recorded for both cases (Figure 7b (left) and (right)), with the weight distribution shifting from shorter to longer wavelengths for different excitation distances, accompanied by a decrease in the intensity. For a 9 millimolar (mM) dye concentration, this decrease in the intensity at the collector edge for case B when moving the spot from 2.5 mm to 10 mm was found to be only 46% (compared to 55% for case A), despite the larger self-absorption observed for case B (interpreted from the 23% re-distribution between the spectral peaks compared to only 15% for case A). It was speculated that in case B, the higher confinement of the emission overcomes the effect of the losses due to self-absorption. These observations lead to the conclusion that matching the bandgap to maximize the confinement of the emission from the dye (case B) was more advantageous than matching the bandgap to the absorbance spectrum of the dye (case A).



In addition to the macroscopic helical structures of chiral nematic LCs, super-twisted nematic LCs have also been considered. For example, in [66], the authors prepared a sample that consisted of the nematic E7 that was doped with the K160 dye and a left-handed low-twisting-power chiral dopant, S811. The concentration of the chiral dopant (3.4 wt%) was selected such that the director formed a super-twisted structure. When unpolarized light was incident on this luminescent concentrator, a higher portion of the incident light was absorbed by the cell when compared to a conventional dye-doped nematic LC cell. This occurs because the super-twist ensures that the light cannot follow the rotating LC director, resulting in all polarizations being available for absorption. With unpolarized light (Figure 7c), the authors observed a 28% improvement in the absorbance and an 11–15% improvement in the emission from the edge of the collector compared to a planar-aligned nematic concentrator. This improvement in the absorption comes at the expense of having equal emission at all four edges of the concentrator, therefore losing the benefits of anisotropy compared to the case of a planar-aligned nematic. In the same study, the authors also reported that by applying a voltage across the super-twisted nematic cell (28 Vrms for a 20 µm thick cell), the alignment changes to a conventional homeotropic nematic alignment, and the emission intensity decreases by 30%. However, the internal optical efficiency was higher (63%) than that observed for the super-twisted nematic case (48%).




3.5. Combining Positive and Negative Dichroism


Apart from the general aim of reducing surface losses with the LC alignment, an interesting use case of the combination of planar and homeotropic alignments of the transition dipoles of the dye was demonstrated in [67] for the purpose of advanced light management. For this study, a perylene dye (Red 305) was used, which was experimentally observed to have a negative dichroism in a nematic LC host. Therein, it was observed that there were two independent orthogonal transition dipoles, each exhibiting absorbance at two different wavelengths. One transition dipole aligned along the LC director and absorbed at λ = 445 nm, which exhibited positive dichroism, whereas the other aligned such that it was oriented orthogonal to the LC director and absorbed at λ = 584 nm, which exhibited negative dichroism. The intensity of emission from the edges of the concentrator was higher for the edges that were aligned perpendicular to the director compared to those that were aligned parallel to the director. This is because the absorption at 584 nm was higher than that observed at 445 nm. By combining this property of the perylene dye with a second dye (Coumarin 6) that showed positive dichroism, the colour and the intensity of light emitted from the orthogonal edges of the concentrator could be varied with different polarizations of incident light and applied voltages to the concentrator.



Illustrations of the concept of combining positive and negative dichroic dyes are shown in Figure 8a. For incident light with polarization that was parallel to the LC director, the absorbance due to the transition dipole of the Coumarin-6 dye was more enhanced, leading to a yellow appearance and preferential emission at the edge that was parallel to the LC director. However, for incident light polarized perpendicular to the director, a red-coloured appearance occurred with an emission that was preferentially towards the edge perpendicular to the director (because the absorbance due to the transition dipole of Red 305 was larger in this case). The appearance of the cells under different polarizations of incident light is shown in Figure 8b,d.



On the application of a voltage (10 V—towards homeotropic alignment), the appearance of the cell was observed to change for incident light with polarization parallel to the host director (Figure 8b,c), whereas, for a perpendicular-polarized incidence, the appearance did not change significantly (Figure 8d,e). The authors in [67] noted that this phenomenon observed for the combination of positive and negative dichroic dyes was potentially exciting for the development of colour-switchable windows (upon the application of voltage) while simultaneously having the ability to direct the emission from multi-dye systems to specific edges, enabling advanced light management.





4. Optimizing the Dye Structures and Combinations


The previous section has considered the various guest–host LC systems that have been investigated as a means to impart anisotropy to the absorbance and emission properties of a luminescent concentrator so as to improve the emission from the edges and/or reduce the surface losses. The alignment of the dye is mainly determined by a combination of the chemical structure of the dye, the orientational order of the LC host, and the interaction between the dye and the LC host [32,68,69]. In parallel with the studies described in the previous section, the research community has also considered how to improve the dyes themselves and/or the dye combinations to further enhance the alignment and the performance of these LC luminescent concentrators.



Perylene bisimides are, in general, characterized by good photostability, strong absorption anisotropy, and near-unity fluorescence yields [70,71] but a relatively low alignment (order parameters of 0.13–0.35). Research has been conducted to optimize the structures of perylene dyes [72,73,74] and the resulting behaviour in nematic LC hosts (e.g., E7). Figure 9a shows the structure of perylene bisimide 1, which consists of a single chromophore unit. The authors in [72] experimentally synthesized and studied the effect of increasing the number of chromophore units (2,3) on the order parameter in the LC host. In addition, they also investigated the role of a linker (4,5) in combining two chromophore units and its effect on the order parameter. They observed that as the number of units increased, the optical order parameter increased from 0.53 (1) to 0.80 (3) (the highest ever reported). However, this was accompanied by a redshift in the absorption peak of the dye (λ = 531 nm (1) to λ = 544 nm (3)), which means that a change in the properties of absorption occurs as the number of chromophore units increases. A tetramethylphenyl-based rigid linker (4) also improved the optical order parameter (0.73), but now with the advantage of introducing minimal changes to the absorption spectrum of the dye. A tetraheptyl-based rigid linker (5), however, formed a stack that resulted in crystallization and was not soluble in the LC host.



Similar experimental studies have been carried out [73] to demonstrate the improvement in the order parameter and the solubility of perylene bisimides for use in LC luminescent concentrators. A systematic study was conducted that involved synthesizing various combinations of end-group substitutions R1 and R2 consisting of choices from A to E, making eight different combinations (1 to 8), as shown in Figure 9b.



It was observed that an increase in the number of ortho-isopropyl groups (1–6) steadily increased the solubility but at the expense of a slight reduction in the optical order parameter from 0.6 to 0.53. The addition of a fourth ortho-isopropyl group produced a large decrease in the solubility and the optical order parameter (to 0.22). The results indicate that dyes 3–6, which have asymmetric substitutions, have favourable core interactions, are highly soluble, and align well in an LC host.



Further progress in the dye structure [74] involved the development of a perylene bisimide triad, as shown in Figure 9c. The trimer was synthesized by joining a couple of perylene bisimides by a rigid linker on either side of a phenoxy-substituted perylene bisimide at the centre. By joining the perylenes with a rigid link, the optical order parameter can be increased to values as large as 0.8. A property of the triad was that the perylenes were also linked by Förster resonance [75], enabling the system to circumvent the effect of re-absorption losses. Evidence for the existence of a Förster resonance link was described with a comparison of the absorption and emission peaks of the individual chromophores and the triad. The perylenes at the two ends acted as donors, and the one at the centre acted as an acceptor. For the triad, the fluorescence spectrum revealed an emission peak at λ = 588 nm, the same as that of the acceptor, with no residual fluorescence of the donor, suggesting the near-unity efficiency of the energy transfer. In an LC host, as shown in Figure 9d, the rigid linker enabled the triad to exhibit a parallel-to-perpendicular edge emission ratio of 1.55, which was, at the time, the highest ever recorded.



As discussed in Section 3.2, homeotropic alignment, despite its advantages, leads to the reduced absorption of the incident light because of the orthogonal orientation of the preferential absorption axis of the dye molecules with respect to the incident polarization. In order to circumvent the problem of reduced absorption, alongside the progress in terms of optimizing the dye structures, research groups have also considered the use of a combination of two or more dyes that are linked by FRET [76]. FRET is a method of energy transfer that occurs via dipole–dipole interactions between two dyes, which are known as the donor and acceptor (similar to that described above for a single-dye system containing multiple chromophores) [77,78]. For an energy transfer to occur, the dye molecules should be situated within a critical distance, and there should be an overlap of the emission spectrum of the donor with that of the absorption spectrum of the acceptor. For the concentrators, the idea has been to use a donor dye that is more isotropic in nature so that it can absorb light from all directions/polarizations, while the acceptor dye is more anisotropic in nature so that it can align with the LC host and emit light preferentially towards the edges of the concentrator. In this way, the processes of absorption and emission would be decoupled between the two dyes to allow for the advantages of homeotropic alignment while circumventing the issue of reduced absorption.



One of the initial studies on this topic [57] presented a schematic summarizing the concept, as shown in Figure 10a. Therein, the authors proposed the use of the porphyrin OEP as the donor/absorber dye and Rhodamine-800 (R800) as the acceptor/emitter dye, with their respective emission and absorption spectra overlapping, as shown in Figure 10b. Concentrations of 5 mM of the OEP donor were doped with 60 mM of the R800 acceptor in a 5CB nematic LC host. The isotropic nature of the OEP dye meant that it avoided columnar formation in the nematic host, whereas the more anisotropic R800 dye aligned with the host. The OEP dye exhibited decoherence properties to avoid dipole selection upon absorption, which enabled it to absorb more isotropically and result in energy transfer to a nearby R800/acceptor/emitter that was aligned with the LC host in a homeotropic configuration. Concentrator samples with and without the OEP donor were prepared, and the alignment of the R800 molecules was confirmed experimentally by measuring the resulting fluorescence emission from the edge upon unpolarized excitation. The ratio of emission intensities polarized perpendicular and parallel to the substrate of the sample was used as the metric. For the sample with only R800, the homeotropically aligned molecules were preferentially excited and resulted in an intensity ratio of ≈0.67. However, for the sample with both OEP and R800, the OEP de-sensitized the excitation to improve the absorbance, which resulted in a fluorescence emission with a larger ratio of ≈2, which indicated the uniform excitation of R800 molecules by OEP molecules via FRET.



The concept of FRET in concentrators [79] was considered further in a simulation-based model to investigate the effect of different properties on the optical efficiency. The authors in [79] considered a two-dye-based homeotropically aligned nematic LC concentrator. Some of the key metrics that were studied to observe the optical efficiency included the physical separation between the dyes, the separation between the absorption peaks, and the geometrical gain. To simulate the behaviour, a random mutation hill-climbing algorithm was used to optimize the optical efficiency while varying only one of these properties at a time. The results of the simulations are shown in Figure 10c,d. This study, based on simulations, implies that there is an optimal distance of separation between the dyes (≈1.5 nm) that is required to maximize the optical efficiency (≈9.4%). In their study, the authors suggested that this optimal separation occurs because, for shorter distances, there is a possibility of the energy being transferred back to the donor, whereas, for longer distances, the system decouples, preventing any FRET from taking place. For a given optimal distance of 1.5 nm, varying the separation between the absorption peaks revealed that for shorter separations (<100 nm), the internal optical efficiency was reduced (≈7.5%) due to energy being transferred back to the donor. For a larger separation (>200 nm), the energy transferred to the acceptor remained steady without much re-absorption, which, therefore, also made the optical efficiency remain constant (≈9.4%).



The effect of re-absorption becomes significant with the increasing geometrical gain of the concentrator. The optical efficiency, therefore, gradually decreases with the increasing geometrical gain, although it still demonstrates a relative improvement of ≈50% compared to a single-dye concentrator (within the simulation parameters considered in the work). Alongside these observations, it was also concluded that the optical efficiency improves when the donor-to-acceptor ratio increases (by ≈50%) and that quantum dots (for example, PbS) could be good candidates for use as the donor fluorophore, particularly for their isotropic properties in terms of the absorption of the incident light over a broad wavelength range (≈300 nm).



The importance of the physical shapes of the donor and the acceptor was experimentally studied in [80]. It was demonstrated that a more spherical-shaped dye would be preferred for the donor while having a rod-shaped dye as the acceptor. To this end, the authors in [80] synthesized diphenyl anthracene (DPA)-based derivatives combined with isopropyl substituents to realize different shapes of a donor dye (Figure 11a,c) to be used in conjunction with a homeotropically aligned rod-shaped Coumarin 6 acceptor. DPA derivatives were used because they are readily modifiable and have a high photo-luminescence efficiency and a good emission spectral overlap with the absorbance of Coumarin 6, as shown in Figure 11b. A study was initially conducted on the effect of the relative concentrations of the donor (Boron-DPA-1) to the Coumarin-6 acceptor. For a given concentration of the donor (50 mM), an increase in the concentration of Coumarin-6 from 4 mM to 8 mM resulted in an increase in the FRET efficiency from 75% to >92%. A Boron-DPA-1 (50 mM)/Coumarin-6 (8 mM) mixture was seen to be an optimal combination in terms of minimizing the re-absorption losses and therefore maximizing the optical efficiency of the concentration. The concentrations of the donor and acceptor influence the distance of separation between the dyes. So, these experimental observations are in accord with the findings of the simulations presented in [79], which predicted the presence of an optimal distance of separation in order to maximize the optical efficiency. For the Boron-DPA-1 derivative in conjunction with Coumarin 6 (having an overall Stokes’ shift of ≈75 nm), the resulting Förster-resonance-based system showed one of the best optical efficiencies of 78%.




5. Chiral Nematic Reflectors


It was mentioned in Section 3.4 that chiral nematic LCs consist of a director that arranges into a macroscopic helix, such that the helical structure results in a bandgap in the transmission of light when the pitch is on the order of the wavelength of light. This bandgap acts only on the light whose polarization is of the same handedness as that of the helix. The pitch of the helix (along with the birefringence of the host) decides both the bandwidth and the spectral location of the transmittance bandgap, as described previously. Being able to control the characteristics of the bandgap makes chiral nematic LCs particularly attractive for thin-film reflectors. For incident light with an appropriate circular polarization and wavelength, a chiral nematic LC can act as an organic tuneable reflector. In the context of the luminescent concentrator, it could be used as a tuneable wavelength-selective reflector to reduce the losses from the front surface, as shown in the schematic in Figure 12a. For example, the chiral nematic reflector can exhibit a bandgap at a spectral location that could reflect the fluorescence emitted from the dye at the front surface (to prevent it from escaping) but, in parallel, allow external incident light to be received whose wavelength coincides with the absorption of the dye. This selective reflection property, as well as its tunability, is something that has attracted the interest of the luminescent concentrator community for more than a decade, with the primary aim of reducing surface losses. This section reviews the implementation and benefits of chiral nematic reflectors for use in luminescent concentrators.



The idea of implementing a chiral nematic reflector was initially presented a few times at different conferences [82,83,84] before an initial set of experiments was published in [54]. The motivation for using a chiral nematic LC reflector came from its relative ease of tunability and fabrication compared to that of inorganic systems, which require the precise deposition of many layers of inorganic material, often under controlled vacuum conditions. In contrast, a chiral nematic reflector can be simply realized as a nematic LC doped with an appropriate concentration of the chiral dopant. As mentioned in Section 2, chiral nematic reflectors can be fabricated by using spin coating and UV crosslinking to form solid-polymer films (e.g., RM82 and RM257 doped into E7 with a chiral dopant such as LC756) on both sides of a pre-rubbed half-wave plate element. Using a half-wave plate and coating both sides of the reflector ensures that it functions for both types of handedness of circular polarization, given that a single layer of a chiral nematic can reflect only one handedness of the incident polarization.



Research on reducing surface losses with external reflectors or scatterers had been taking place [84,85,86,87] while chiral nematic reflectors were being introduced. For example, using a perylene dye in a polymer host, it was observed that the surface losses accounted for 65% of the light that was emitted when no reflector was used. However, upon the application of aluminium foils on all but the front surface, the surface losses could be reduced by up to 40%. Chiral nematic LC reflectors placed at the front of the concentrator were still deemed useful because such a large fraction of light escapes the concentrator from the front surface. A practical application [86] demonstrated a 35% reduction in surface losses and a 12% improvement in optical efficiency using a chiral nematic LC reflector positioned at the front surface. A comparison of the scatterers/mirrors used in conjunction with the reflector was also made, and it was concluded that a white scatterer (that re-randomizes the reflections towards the receiver PV at the edge) was better than a black absorber (because it absorbs the reflected light and negates the effect of the chiral nematic) or a perfect mirror (because it causes multiple reflections, leading to more re-absorption losses).



A chiral nematic reflector was observed to have a refractive index larger than the concentrator, which means that it is essential that an airgap be introduced between the reflector and the concentrator to prevent any waveguided light from escaping from the surface. Additionally, an airgap means that the chiral nematic could be re-used with other concentrator samples without being fixed to a single sample. Another important conclusion that has been considered is the importance of the effective size of the concentrator, where the larger the size of the concentrator, the greater the impact of the chiral nematic reflector when used in conjunction with a scatterer. This is because the light will be more effectively waveguided towards the edge by reflections between the chiral nematic and the scatterer.



To ensure that a chiral nematic reflector works effectively, the spectral location of the bandgap has to be carefully selected. This is because, for a chiral nematic LC, the spectral location of the bandgap seen by the incident light depends on the angle of incidence, as depicted in Figure 12b. Large angles of incidence result in a blueshift in the bandgap. For a luminescent concentrator, if the spectral location of the bandgap is such that its centre lies exactly on top of the emission peak of the dye, the bandgap will be observed to be blue-shifted for light escaping the surface of the concentrator at angles up to the critical angle and away from the surface normal. So, unless the spectral position and the bandwidth of the bandgap are appropriately determined, this blueshift in the bandgap might result in it not being able to cover the emission spectrum of the dye and therefore not enabling the chiral nematic LC to reflect the emission that would otherwise escape from the front surface. More importantly, a blueshift might also result in the bandgap covering the absorption spectrum of the dye, resulting in some of the incident light being reflected away from the concentrator that could have been absorbed by the dye. This problem was identified in [54,82,84], and it was suggested that it would be important to have a more redshifted and wider bandgap to compensate for this blueshift.



The redshift is desirable because it circumvents the potential problem of inadvertently covering the absorption spectrum, and the wider bandgap is beneficial because it avoids uncovering the emission spectrum of the dye at oblique angles of incidence. For example, for a dye emitting with a peak emission of λ = 600 nm, it was found that a centre wavelength of λ = 710 nm was useful [87]. A further experimental investigation was performed in [88], where chiral nematic reflectors with different bandgap locations at λ = 670 nm, 700 nm, 730 nm, 770 nm, and 810 nm were fabricated by simply varying the concentration of the chiral dopant. The authors observed that the farther the chiral nematic was located spectrally, the higher the edge emission was.



The problem of the blueshift in the bandgap at oblique incidence angles was the subject of further studies [81,88]. In particular, the importance of the bandwidth of the chiral nematic reflectors was considered further. In the first instance [81], it was demonstrated that the fabrication of a new chiral nematic reflector that had a broad bandwidth of about 100 nm and polarization-independent reflection properties was desirable. A broad bandwidth was realized practically by fabricating chiral nematic LC cells with a linear variation in the pitch through the application of a spatial gradient in the degree of polymerization. Polarization-independent behaviour was realized by making a stack of these reflectors in two different ways—firstly, as a left-handed chiral nematic on top of a right-handed chiral nematic, and secondly, as a stack of two right-handed chiral nematics with a half-wave plate in between. The transmittance spectra for normal incidence for films fabricated using these two different approaches are shown in Figure 12c,d. The results of these practical demonstrations showed that with broadband chiral nematic LCs, it is possible to reflect 97% of the incident unpolarized light, which is in good agreement with theoretical simulations.



The issue of the blueshift of the bandgap at oblique incidences was also further analysed in [88], where the authors compared experimental results with theoretical simulations. Berreman’s 4 × 4 matrix was used to simulate the reflection properties of different chiral nematic LCs, each exhibiting a different redshift and bandwidth, which were then compared with the results from experiments. For the simulations, it was concluded that the broadest reflector (400 nm), with its onset wavelength closest to the onset wavelength of the emission band, performs the best in terms of optical efficiency (up to 66%). However, it was observed that there were significant deviations when comparing the simulation results with experiments. This is considered to be due to the effect of re-absorption in the luminescent concentrator, which was not accounted for in the simulations. Moreover, this conclusion was further supported by the fact that a reflector with a shorter onset wavelength reflected wavelengths more in the tailed regions of the emission spectrum, which can be re-absorbed by the dye. This further implied that re-absorption in the concentrator indeed becomes the cause of the deviation between the experimental results and the predictions made with simulations on the performance of a chiral nematic reflector for use in conjunction with the concentrator.



A key problem that arises due to the blueshift at oblique incidence is the possibility of the absorbance spectrum being covered by the bandgap of the reflector. This results in the incident light (for wavelengths that could be absorbed by the dye) being reflected away from the concentrator. To address this issue, studies have been conducted [89] that have proposed the use of LC compounds that exhibit significant dispersion in the refractive indices across visible wavelengths. These have been labelled as special dispersion LCs. Generally, the refractive index varies as a function of the wavelength λ, as described by Cauchy’s equation,


   n λ  ≈  n o  +    B 1     λ 2    ,  



(4)




where no is the null refractive index, and B1 is a real coefficient. With a special dispersion LC, if the coefficient B1 is such that the difference between the ordinary and extraordinary refractive indices becomes almost zero over a certain range of wavelengths, one can create a chiral nematic whose bandgap also vanishes over the given spectral range. These special dispersion chiral nematics could be useful as reflectors because, in the event of a blueshift in the bandgap, a special dispersion LC with a certain B1 could be chosen so that the blue-shifted bandgap vanishes over the spectral range where the absorption spectrum of the dye also exists. This effectively overcomes the effect of the blue-shifted bandgap covering the absorption spectrum of the dye.



The authors in [89] performed a simulation of a hypothetical special dispersion chiral nematic to realize broad reflection bands of 75 nm, 175 nm, and 400 nm. Berreman’s 4 × 4 matrix was then used to analyse the blueshift while varying the coefficients B1 and no to reduce the birefringence to zero at the desired wavelength range. Simulations were conducted to realize a bandgap that disappeared at three different spectral locations of 575 nm, 600 nm, and 625 nm, and it was concluded that the efficiency improved if the bandgap was located at a shorter wavelength (λ = 575 nm) and if the bandwidth was sufficiently broad (400 nm). These simulations, however, have not yet been supported by experimental results. Experimental validation might require one to choose an appropriate special dispersion LC (having a suitable coefficient B1) based on the dye that will be incorporated into the concentrator.




6. Conclusions and Further Discussion


As the research conducted to date has highlighted, liquid crystals (LCs) are very promising for luminescent solar concentrators, particularly as they can improve the internal optical efficiency and reduce surface losses. Both nematic and chiral nematic LCs have been considered as hosts, along with a range of different alignment configurations. In addition, the chiral nematic phase has also been used to create wavelength-selective reflectors that can be placed external to the luminescent concentrator.



The homeotropic alignment of the host (and, therefore, the transition dipole moment of the dye) has been preferred for its advantages of coupling the emission towards the edges while simultaneously reducing surface losses. New chemical structures in the form of perylene dyes have been synthesized to improve the dye order parameters, with some of the most promising exhibiting order parameters as high as 0.8 with internal optical efficiencies of 66% [74]. The disadvantage of reduced absorbance that comes with a homeotropic alignment has been addressed by using a combination of two dyes linked by Förster resonance—wherein a more isotropic donor absorbs the light isotropically to couple it non-radiatively to a more anisotropic acceptor whose transition dipole moment is aligned with the LC director (homeotropic alignment). Encouragingly, one of the latest studies [80] that have implemented FRET has achieved an improvement in the internal optical efficiency of 78%. Such studies have also been supported with simulation models.



Based upon the previous research carried out to date, it would seem that the preferred configuration in terms of the current state of the art for the LC luminescent solar concentrator depends on the choice of the alignment of the host, the dye, and the external reflector. The authors believe the best alignment could be homeotropic, combined with a dye having a relatively large order parameter in a suitable LC host coupled to an isotropic donor via the Förster resonance link to circumvent any reduced absorbance, as also summarized by the discussions of the latest published review article in Ref. [78].



Something that has not been considered in this review is the body of research dedicated to smart windows, which is an additional functionality that could be incorporated into the concentrator. This research topic has progressed in parallel with the development of LC luminescent concentrators [27,66,90]. Smart windows are devices that can change their transparency/colour based on the alignment of the LC for dye guest–host systems. The LC luminescent concentrator can also act as a dye-doped LC switchable window that would provide both an energy-harvesting capability and an aesthetically pleasing appearance. In the same vein, polymer-dispersed liquid crystals (PDLCs) have also been useful as scatterers for luminescent concentrators to reduce any surface losses from the rear surface [91,92]. The voltage tuneable property of the LCs, however, was more useful for the application of a smart window, rather than a concentrator. So, being beyond the scope of this review, their application has been excluded from the survey.



Further research on LC luminescent concentrators should be targeted to overcome the existing limitations and the possible advances that could be made in this regard. Modelling LC luminescent concentrators is essential, particularly the effect of re-absorption in such systems, without which one cannot precisely model the effect of the alignment. It would be desirable if theoretical modelling could be developed further to include the effect of re-absorption, which has been accounted for previously in models for conventional luminescent concentrators without the use of LCs, as, for example, in [93,94]. Further research on the effect of LC ordering on the optical concentration and optical efficiency would be beneficial. Similarly, other LC phases, for example, the smectic phase and blue phases [95,96], might also be worthy of investigation. In the former case, the LC would provide both orientational and positional ordering to the transition dipoles of the dyes, which may well be advantageous in terms of the optical efficiency. For chiral nematic reflectors, a further step to circumvent the issue of the blueshift at oblique angles might be to consider the use of chiral nematic particles [97,98]. Finally, the use of special dispersion LCs, as proposed in [89], could be experimentally investigated.



This review primarily focuses on the application of LCs for luminescent concentrators useful for solar energy harvesting. However, there are other applications of the luminescent concentrator, as outlined in [28]. The advantage of the alignment of the LCs for luminescent concentrators involved in these other applications has not been considered in any great detail as of yet. For some of these alternative applications, it is possible that the requirements in terms of the alignment of the host and the choice of dye (or dye combinations) could be different from those needed for solar energy harvesting. One of the key examples would be the use of LC luminescent concentrators in optical wireless communication/LiFi links [99,100,101]. Luminescent concentrators for optical wireless links have gained interest over the past decade, with theoretical simulations [102,103] and experimental demonstrations [104,105,106,107,108] on different configurations and data-multiplexing-based applications. The first demonstration of the use of an LC luminescent concentrator with planar alignments of the dye as a polarization-sensitive antenna for optical wireless links was also recently published [109]. Further research needs to be conducted on whether advanced configurations, such as the homeotropic alignment supported by Förster-resonance-linked dye combinations, may be useful. The authors speculate that Förster-resonance-based systems having two or more dyes could limit the achievable bandwidth of an optical wireless link, because a single dye itself presents this challenge [110,111,112,113]. These speculations, however, need to be supported by experimental evidence, which therefore opens up broad possibilities for further research on LCs for luminescent concentrators.
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Figure 1. Schematic depiction of a luminescent concentrator film. Ai and Ae denote the surface areas corresponding to light absorption and the output emission edge (where the receiver is located), respectively. The incident light (1) is absorbed and re-emitted (2) by the dye molecules inside the concentrator as fluorescence (3). Some of the light that remains within the critical angle of incidence at the surfaces undergoes total internal reflection (TIR) (4) and propagates within the concentrator. If there is an overlap between the absorption and emission spectra of the dye, some of this emitted light may be re-absorbed and may then be re-emitted (5). If it is not re-emitted, then this leads to re-absorption losses. The emitted light may also escape through the critical cone of the surfaces or edges of the concentrator, where there is no receiver/detector/solar cell. This light leakage leads to surface losses (6). The objective is to direct most (if not all) of the light to the receiver placed at the edges, which is designated as the useful concentrated light (7). It is important to note that surface losses occur whenever the emitted light falls within the critical cone angle of one of the surfaces. The thickness of such films that have been realized to date has ranged from a few µm to a few mm. 
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Figure 3. Molecular structures of some of the different materials used in liquid-crystal (LC) concentrators. (a) Composition of the LC mixture, E7: 5CB: 4-Cyano-4′-N-pentylbiphenyl, 7CB: 4-Cyano-4′-N-heptylbiphenyl, 8OCB: 4-Cyano-4′-N-oxyoctylbiphenyl, 5CT: 4-Cyano-4″-N-pentyl-p-terphenyl (e.g., ref. [51]); (b) the Nematal 105 liquid crystal: 4-Pentylphenyl 4-methoxybenzoate (e.g., ref. [52]); (c) Irgacure 184 photoinitiator: 1-Hydroxy-cyclohexyl-phenyl-ketone (e.g., ref. [51]); (d) Paliocolor LC 242 liquid crystal: 4-[[[4-[(1-Oxo-2-propenyl)oxy]butoxy]carbonyl]oxy]benzoic acid 2-methyl-1,4-phenylene ester (e.g., ref. [53]); (e) LC 756, BASF chiral dopant: 1,4:3,6-dianhydro-D-glucitol bis[4-[[4-[[4-[(1-oxo-2-propenyl)oxy]butoxy]carbonyl]oxy]benzoyl]oxy]benzoate (e.g., ref. [54]); (f) the reactive mesogens RM82 (1,4-Di[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene) (e.g., ref. [51]) and (g) RM257 (2-methyl-1,4-phenylene bis(4-(3-(acroyloyloxy)propoxy)benzoate)) (e.g., ref. [51]); (h) Lumogen Red 305 dye: N,N′-Bis(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxy-3,4,9,10-perylenetetracarboxylic Diimide (e.g., ref. [55]); (i) PDI: N-N′-Bis(2,6-dimethylphenyl)pyrelene-3,4,9,10-tetracarboxylic Diimide (e.g., ref. [52]); (j) Coumarin 6: 3-(2-Benzothiazolyl)-7-(diethylamino)coumarin (e.g., ref. [56]); (k) DCM: (4-dicyanomethylene-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran) (e.g., ref. [53]); (l) Rhodamine B: ([9-(2-carboxyphenyl)-6-diethylamino-3-xanthenylidene]-diethylammonium chloride) (e.g., ref. [51]); (m) porphyrin OEP: β-substituted octaethyl porphyrin (e.g., ref. [57]); (n) Rhodamine 800 (e.g., ref. [57]). 
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Figure 4. Luminescent LC concentrators with planar alignment: (a) Reprinted with permission from [51] © John Wiley and Sons, New Jersey, United States. A schematic showing the difference in the intensity of emission at the edges of the concentrator, where emission is either perpendicular or parallel to the rubbing direction (the LC director alignment). (b) Reprinted with permission from [51] © John Wiley and Sons, United States. Integrated emission from an edge perpendicular (grey) or parallel (black) to the rubbing direction, in comparison to that of an isotropic concentrator (red), supported by least-squares fitting of the data. (c) Reprinted with permission from [51] © John Wiley and Sons, New Jersey, United States. The experimental arrangement for measuring the emission at the edges of an LC concentrator. (d) Reprinted with permission from [53] © The Optical Society, United States. A schematic of an energy-harvesting linear polarizer. Randomly polarized light is filtered by the dye-doped film so that the polarization parallel to the LC director is absorbed and directed to a photo-voltaic (PV) cell. The remaining portion of the incident beam passes through as a linearly polarized beam. 
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Figure 5. Luminescent LC concentrators with homeotropic alignment: (a) Reprinted with permission from [55], © John Wiley and Sons, New Jersey, United States. The improvement in the internal efficiency with an increase in the bias voltage towards homeotropic alignment. (b) Reprinted with permission from [52] © The Optical Society, United States. A schematic depicting the different methods of excitation and the propagation of the resulting emission in the homeotropic alignment configuration. (c) Reprinted with permission from [52], © The Optical Society, United States. The emission spectra from the (A) top surface and (B) the narrow edge parallel to the beam excitation. Inset: Fitted emission spectra in (B) showing the effect of re-absorption shift upon homeotropic alignment. 
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Figure 6. Theoretical modelling: Reprinted with permission from [60]. The absorption (left) and emission (right) events are considered. A dipole µ is aligned at a vertical angle θ and an azimuthal angle φ. Incoming light is incident at an angle ψ with respect to the director of the dye ensemble. For the emission event, the emitted photon has a propagation vector k making a vertical angle α and azimuthal angle β. 
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Figure 7. Chiral nematic and twisted nematic phases. (a) Reprinted with permission from Taylor and Francis Ltd., London, England (http://www.tandfonline.com, last accessed: 30 September 2023.) [65]: schematic representations of a chiral-nematic-based concentrator: A (where the bandgap overlaps the absorbance spectrum of the dye) (left) and B (the bandgap overlaps the emission spectrum of the dye) (right). (b) Reprinted with permission from Taylor and Francis Ltd., London, England, (http://www.tandfonline.com, last accessed: 30 September 2023.) [65]: the bi-modal spectral emission intensities at the collector edge measured for different spot excitation distances, 2.5 mm, 5 mm, 7.5 mm, and 10 mm, for cases A (left) and B (right). (c) Reprinted with permission from [66] © John Wiley and Sons., New Jersey, United States. The absorbance (solid line) and emission (dashed line) spectra for a K160-dye-based concentrator with a concentration by weight of 3.4 wt% chiral dopant (red) and without chiral additives (black) for unpolarized excitation. 
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Figure 8. Combining positive and negative dichroism. Reprinted with permission from [67], © John Wiley and Sons., New Jersey, United States. (a) Schematic representations of concentrators based on Red 305 (molecule represented by the red square box with the long axis shown as a green double-headed arrow; here, the molecule is aligned perpendicular to the LC director) and Coumarin-6 (molecule represented by the yellow rectangle with the long axis shown as a blue double-headed arrow; here, the long axis of the dye is aligned parallel to the LC director) under different applied voltages. The emission arrows roughly correspond to the colour of the light emitted from the edges. (b–e) The appearance of the concentrator for different polarizations of incident light (yellow for polarization parallel to the LC director, and red for polarization perpendicular to the LC director) and applied voltages (0 V and 10 V). 
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Figure 9. Optimizing the chemical structures of perylene bisimide dyes. (a) Used with permission from the Royal Society of Chemistry, London, England, from [72]; permission conveyed through Copyright Clearance Center, Inc. The structures of perylenes 1–5 used in the study. (b) Reprinted with permission from [73] Copyright © 2014 American Chemical Society, Washington, United States (further permission related to the material should be directed to the ACS). A chart of the abbreviated molecular structures of fluorophores 1–8 synthesized in the study. (c) Reprinted with permission from [74] Copyright © 2014 American Chemical Society, Washington, United States (further permission related to the material should be directed to the ACS). Chemical structure of the triad perylene bisimide dye. (d) Reprinted with permission from [74] Copyright © 2014 American Chemical Society, Washington, United States (further permission related to the material should be directed to the ACS). Absorption (black) and emission (red) spectra of the triad-dye molecule, with excitation light polarized parallel (solid) and perpendicular (dashed) to the rubbing direction. For the emission spectra, the solid lines indicate that the measurement was obtained from edge 1, whereas the dashed line indicates that the measurement was obtained from edge 2. Inset: Illustration defining emission edges 1 and 2 relative to the rubbing direction. 
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Figure 10. FRET-based LC concentrators (with simulations). (a) Reprinted with permission from [57] Copyright © 2013 American Chemical Society, Washington, United States. The schematic of the proof-of-principle experiment for FRET (or simply RET: resonance energy transfer) in concentrators. (b) Reprinted with permission from [57] Copyright © 2013 American Chemical Society, Washington, United States. Absorbance and emission spectra of OEP and R800 molecules. (c) Reprinted from [79] with permission from AIP Publishing, New York, United States. Normalized optical efficiencies as a function of the distance between the dyes (blue) and the separation between the absorption peaks. (d) Reprinted from [79] with permission from AIP Publishing, New York, United States. Normalized optical efficiencies of the single-dye and FRET-based two-dye systems with respect to the geometrical gain. The relative improvement is also plotted. 
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Figure 11. FRET-based LC concentrators (importance of physical shape). Reprinted with permission from [80] Copyright © 2019 American Chemical Society, Washington, United States. (a) The chemical structures of Coumarin-6 and the Boron(b)-DPA series. DPA: 9,10-Diphenylanthracene. (b) The normalized absorption (solid) and emission (dashed) spectra of Coumarin-6, DPA, bDPA-1, and bDPA-2. (c) Space-filling illustrations of the molecules from both the front and side views. The molecular shape changes from rod-like for Coumarin-6 to sphere-like for bDPA-2. Further details on the figure could be referred to in [80]. 
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Figure 12. Chiral nematic reflector-based systems. (a) Reprinted from [54], with permission from AIP Publishing, New York, United States. The schematic of the luminescent solar concentrator (LSC) fitted with the wavelength-selective organic filter through which sunlight can pass, and the luminescence is reflected. (b) Transmission characteristics of white light (right-circularly polarized) through the chiral nematic reflector centred at ≈600 nm for incidence angles of 0°, 45°, and 85°. Created in the manuscript with simulations using Berreman’s 4 × 4 Matrix for chiral nematic liquid crystals. (c) Reprinted from [81] with permission from AIP Publishing, New York, United States. Transmission spectra (dashed: experimental; solid line: calculations) for normal-incidence unpolarized light of a right-handed chiral nematic stacked on a left-handed chiral nematic. The pitch varied from 437 nm to 520 nm in the right-handed material and from 429 nm to 521 nm in the left-handed material. The refractive indices, reported to be ne = 1.68 and no = 1.54, were the same for both chiral nematic LCs. (d) Reprinted from [81] with permission from AIP Publishing, New York, United States. Transmission spectra (dashed: experimental; solid line: calculations) for the normal-incidence unpolarized light of a stack of right-handed chiral nematics sandwiching a half-wave plate (centred at 825 nm). The pitch varied from 464 nm to 523 nm. The refractive indices for the material were reported to be ne = 1.68 and no = 1.54. 
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