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Abstract 

In the quest for high-efficiency photovoltaics (PV), the intermediate band solar cell (IBSC) was 

proposed in 1997 as an alternative to tandem solar cells. The IBSC offers 63% efficiency under 

maximum solar concentration using a single semiconductor material. This high efficiency limit 

attracted the attention of the PV community, yielding to numerous intermediate band (IB) studies 

and IBSC prototypes employing a plethora of candidate IB materials. As a consequence, the 

principles of operation of the IBSC have been demonstrated, and the particularities and difficulties 

inherent to each different technological implementation of the IBSC have been reasonably 

identified and understood. From a theoretical and experimental point of view, the IBSC research 

has reached a mature stage. Yet, we feel that, driven by the large number of explored materials 

and technologies so far, there is some confusion about what route the IBSC research should take 

to transition from the proof of concept to high efficiency. In this work, we give our view on which 

the next steps should be. For this, first we briefly review the theoretical framework of the IBSC, 

the achieved experimental milestones, and the different technological approaches used, with 

special emphasis in those recently proposed. 
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1. INTRODUCTION AND CONTEXT 

The intermediate band solar cell (IBSC) was proposed by Luque and Martí1 as a structurally 

simple yet highly efficient photovoltaic (PV) concept. It builds on and completes an early idea by 

Wolf2 of exploiting in-gap levels to allow bellow-bandgap photon absorption as a means of 

surpassing the efficiency limit for conventional single-gap solar cells (SGSC), known as the 

Shockley and Queisser (S&Q) limit.3 To summarize the basis and operation of the IBSC we will 

rely on Figure 1a.  

The S&Q limit imposes a maximum conversion efficiency –determined only by the bandgap, EG, 

of the absorbing material– under the assumption that all photons with energy higher than EG are 

sub-optimally harvested (because of carrier thermalization), and all photons with energy lower 

than the bandgap are wasted (not absorbed). The IBSC reduces non-absorption losses by 

introducing the idea of an intermediate band (IB) material. The optoelectronic properties of such 

material, similarly to a semiconductor, are defined by three electronic bands: the conventional 

valence and conduction bands (VB and CB) and an additional band, the IB, that lies in-between 

those two (in Figure 1a the IB is arbitrarily placed closer to the VB). Part of the photons with 

energy lower than EG can be absorbed in electronic transitions from the VB to the IB (transition 

1 in the figure) and from the IB to the CB (transition 2). These two additional sub-gaps are 

generally named EH and EL, for the higher one and the lower one, respectively. In our description, 

the energy width of the IB will be considered approaching zero so that optical and electronic gaps 

have the same values and 𝐸𝐸𝐺𝐺 = 𝐸𝐸𝐻𝐻 + 𝐸𝐸𝐿𝐿. Removing this condition leads to interesting variations 

of the IBSC concept such as the so-called ratchet IBSC.4,5 

Extra electron-hole pairs are generated via a two-photon absorption process, using the IB as 

steppingstone, which yields to an increase in photocurrent. Despite the contribution of sub-

bandgap photons to the photocurrent, the maximum voltage that an ideal IBSC can deliver is 

fundamentally limited by EG, and not the sub-gaps EH or EL. This phenomenon is usually called 

voltage preservation and demands that non-radiative channels connecting the IB and the other 

two bands, such as Auger or phonon-assisted recombination, are minimized. For this reason, an 

ideal IB material is usually described as having a null density of states in between the IB and the 

other two bands, which hampers phonon-assisted recombination. The time scale of intraband 

electron-electron interaction processes within each band is assumed to be much shorter than 

interband electron-electron processes (for example between the CB and the IB) and therefore, the 

carrier population in each band is described by its own electrochemical potential or quasi-Fermi 

level: µC, µV, and µI, for the CB, VB and IB, respectively. In addition all the electrons are assumed 

to interact with a common background of photons and phonons so that all these particles: electrons 

(independently of the band where they are), photons and phonons share the same temperature 

(say, room temperature TC).6,7 
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In an ideal IBSC, with high carrier mobility, the output voltage e·V, where e is the elementary 

charge, is equal to the electrochemical potential difference µC - µV and is independent of µI. To 

ensure this, it is necessary to include in the device hole and electron selective contacts (HSC and 

ESC) that allow extracting electrons from the CB (current Je) and holes from the VB (current Jh), 

but not from the IB (Figure 1a). 

 

 

FIGURE 1. (a) Sketch of the simplified band diagram and operation of an IBSC. (b) Limiting efficiency 

of an ideal SGSC (broken lines) and an ideal IBSC (solid lines) as a function of EG. Red lines represent the 

case of maximum sunlight concentration (Xmax), whereas blue lines represent one-sun illumination (1X). 

The value of EH that maximizes the efficiency of the IBSC is indicated for some values of EG. (c) J-V 

characteristic under one-sun illumination of an ideal SGSG with optimum bandgap (1.31 eV), an ideal 

IBSC with optimum bandgap (2.40 eV), and an ideal SGSC with bandgap 2.40 eV. 

 

Thanks to the presence of the IB and the carrier selective contacts, IBSCs can achieve efficiencies 

as high as 63%1 under maximum light concentration (see Figure 1b), which represents a relative 

increment of around 50% with respect to conventional SGSCs.3 Actually, the limiting efficiency 

of an IBSC is very close to that of a tandem cell with three gaps.8 The potential high efficiency, 

combined with a conceptually simple structure, for instance, when compared with multi-junction 

solar cells (MJSC), were probably decisive factors that motivated extensive research on the 

topic.9,10 Many different IB materials have been explored, as we will discuss later on. Some of 

them implied expensive raw materials and/or fabrication methods, but the prospect of high 
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efficiency and relatively small cells used in concentration PV (CPV) systems made the research 

worthwhile, not only scientifically, but also from the point of view of the energy price.11 However, 

the PV landscape has changed greatly in the las two decades. On the one hand, the price of flat 

panel Si PV has experienced a major decrease as the annual installed capacity increased.12 On the 

other hand, MJSCs are established as a valid technology for CPV systems, with demonstrated 

efficiencies well over 40%,13 depending on the number of junctions, and present in the industry.14 

In this new context, it is worth recalling that, although less frequently pointed out, the IBSC 

concept is equally powerful under one-sun illumination (Figure 1b), in the sense that it can exceed 

the SGSC efficiency limit by around 50%.15 The idea of an IBSC working at one sun entails some 

changes in the design and fabrication of IB materials and devices. Firstly, the bandgap of a highly 

efficient IBSC depends on the sunlight concentration factor. Under maximum concentration, the 

limiting efficiency is higher than 60% in the range 1.5 eV < EG < 2.5 eV, being 1.96 eV the 

optimum value. However, at one-sun, the efficiency is higher than 40% for 1.5 eV < EG < 3.5 eV, 

being 2.40 eV the optimum value. This opens the possibility of exploring wide-bandgap materials, 

with EG > 2.5 eV, as high-efficiency IB absorbers. Secondly, the cost of the employed materials 

for solar cell manufacturing gains importance in PV systems working at one sun vs concentration 

systems and needs to be more carefully considered.  

Figure 1c plots the current-voltage (J-V) characteristics of an ideal SGSC and an ideal IBSC with 

optimum bandgaps working at one sun. When compared with the optimum SGSC, the IBSC 

exhibits somewhat less photogenerated current but a larger voltage, which combined yield to an 

increased output power. It is also illustrative to compare the curve of the optimum IBSC with an 

ideal SGSC having the same bandgap (2.40 eV). The SGSC delivers higher output voltage but a 

much lower current, consequence of the lower number of high-energy photons in the solar 

spectrum. This example serves to clarify the concept of voltage preservation in IBSCs. Voltage 

is said to be preserved when it is not limited by the sub-gaps introduced by the IB, this is, when 

e·V > EH. This does not mean that the open-circuit voltage VOC is not reduced upon the inclusion 

of the IB when compared to a SGSC with the same total gap but without the IB. In fact, under 

sunlight concentration smaller than Xmax, the inclusion of the IB entails a reduction of VOC as 

compared to the ideal SGSG with the same gap, as shown in Figure 1c, but the gain in current is 

such that the output power balance lies in favor of the IBSC. The reason for this reduction in VOC 

is the extra recombination channels –even if radiative– introduced by the IB, which are dominant 

at low sunlight concentration. 

The solar cell efficiencies and J-V curves previously discussed were obtained from detailed 

balance calculations1,3 for a solar cell operating at 300 K, modelling the sun as a blackbody at 

6000 K, and setting Xmax = 46050 suns. Higher efficiency values are obtained if the AM1.5D 

tabulated spectrum is considered.16 It has also been assumed that the absorption coefficients of 
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the three bands do not overlap, which ensures that each photon is absorbed in the largest possible 

transition and yields the highest efficiency in the optimum case. The removal of the constraint of 

non-overlapping absorption coefficients results in different efficiency values and can be 

beneficial when the IB is not placed at the optimum position.15,17,18 

 

2. TECHNOLOGICAL APPROACHES EMPLOYED IN IBSC 

The different technological approaches employed so far to manufacture IB materials and IBSC 

prototypes can be grouped in four categories, summarized in Table 1 and illustrated in Figure 2a-

d. (a) Quantum dots (QDs). The IB stems from confined states of the QDs.19 In this work we will 

differentiate between two QD technologies, epitaxial QDs and colloidal QDs, since the use of one 

or the other may come with important practical differences, as we will discuss later on. (b) Bulk 

with deep-level impurities (DLIs). In this approach, the IB is formed by the deep levels introduced 

by impurities in a host material.20 There is controversy, though, about whether an IB emerging 

from a high density of deep levels will be actually able to suppress non-radiative recombination,21 

a necessary condition for high efficiency. (c) Highly mismatched alloys (HMAs). In this kind of 

alloys, the inclusion of a small fraction of a new element in the host, interacts with one the bands 

(the CB in the illustration) of the host, splitting it into two sub-bands, E+ and E-.22 The least 

energetic sub-band (E-) is taken as the IB.23 (d) Organic molecules (OMs). This approach makes 

use of different organic species that play the role of either sensitizer or high-bandgap acceptor.24 

The sensitizer molecules can absorb photons with energy lower than the bandgap EG of the 

acceptor, transitioning from the ground state to an excited singlet state. This singlet state can 

naturally relax into a triple state of the same species. Subsequently, a process of energy transfer 

(ET) between the sensitizers and the acceptor can take place, leading to triplet states in the 

acceptor. Finally, two triple states in acceptor molecules can combine and give raise, via a triplet-

triplet annihilation (TTA) process, to one higher-energy singlet state of the acceptor species. In 

essence, the two below-bandgap photons absorbed in the sensitizers are up-converted25 into one 

high-energy electron-hole pair in the high-energy absorber. The reader is referred to Refs. 24 and 
25 for more detailed explanation of this mechanism. 

In addition to these approaches, inspired perhaps by some physical intuition, there has been 

extensive theoretical work based on first-principles calculations as a way of verifying or 

predicting the existence of an IB in a given alloy (for example, V in In2S3,
26

 perovskite based 

systems,27 ZnS and ZnTe,28 CdSe nanoparticles,29 or (N, P, As and Sb) doped Cu2ZnSiSe4
30). 
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FIGURE 2. Simplified band diagram of the different technological approaches used in IBSCs. 

(a) Quantum dots. (b) Bulk with deep level impurities. (c) Highly mismatched alloys. (d) Organic 

molecules. For consistency in the nomenclature, the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO) of the high-bandgap molecular absorber 

are identified, respectively, as the VB and the CB. 

 

Technological approach Origin of the IB Proposed for IBSC / 
First employed 

Quantum dots (QDs) Confined levels in the quantum dots 200019 / 200431 
Bulk with deep-level impurities (DLIs) Levels introduced by the impurities 200120 /201232 

Highly mismatched alloys (HMAs) Split of the CB or the VB of the alloy 200323 / 200933 
Organic molecules (OMs) Singlet and triplet molecular states 200824 / 201534 

 
TABLE 1. Technological approaches employed in IBSC fabrication. 

 

3. EXPERIMENTAL MILESTONES & TECHNOLOGY STATUS 

3.1 Achieved and pending experimental milestones 

Some of the most relevant achieved experimental milestones in IBSC research are sorted in 

chronological order in Figure 3. Additionally, the emergence of IBSC technological approaches 

is also indicated. As described before, an IBSC should produce current when illuminated with 

two below-bandgap photons that promote electrons from the VB to the IB and from the IB to the 

CB. This process of two-photon photocurrent (TPPC) was first demonstrated in 2006 using 

InAs/GaAs EQDs operating at low temperature.35 Initially, these photocurrent experiments were 
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taken using broadband infrared light. It took almost one decade more to achieve energy spectral 

resolution in the TPPC, in In(Ga)As/AlGaAs EQD prototypes operating at low temperature.36,37 

It is important to remark that an ideal IBSC, without overlapping in the absorption coefficients, 

should not produce photocurrent under monochromatic below-bandgap illumination. However, 

as introduced earlier, some degree of overlapping may be beneficial in practice for some cases in 

which the IB is placed in a sub-optimal position. Additionally, the existence of other non-radiative 

processes such as thermal or tunnel electron exchange between the IB and the CB or VB,38 or 

Auger generation in one of the sub-gaps39 may lead to photo-response to monochromatic below-

bandgap illumination even in the case of non-overlapping absorption coefficients. 

Monochromatic below-bandgap photocurrent was the first signature of an optically active IB in 

early EQD-based IBSC prototypes31 and is still today one of the first IB signatures investigated 

in new devices. 

The first demonstration of voltage preservation (VOC > EH/e) was reported in InAs/GaAs EQD 

prototypes operating at low temperature in 2010.40 A step forward was given recently with the 

demonstration in GaSb/GaAs EQD prototypes, also at low temperature, of two-photon 

photovoltage;41 that is, that two-step two-photon below-bandgap absorption produces an increase 

in photovoltage with respect to one-photon below-bandgap absorption. Finally, the existence of 

three electrochemical potentials in the IBSC comes with a luminescence signature with three 

distinct emission peaks corresponding to the three gaps of the IB material.42 This characteristic 

IBSC signature was first reported in GaNAs HMA prototypes in 2011 via electroluminescence 

measurements at low temperature.43 

In our view, two main experimental milestones are still pending. The first one is the simultaneous 

demonstration of photocurrent response to below-bandgap photons and voltage preservation. In 

this respect, so far, below-bandgap absorption has been reported under short-circuit conditions (V 

= 0), and voltage preservation has been reported at open circuit (J = 0). In both cases the power 

delivered by the cell is zero. The production of below-bandgap photocurrent when the cell is 

producing power, and specifically when e·V > EH, would be a necessary condition for the second 

and more demanding milestone: the demonstration of an increase in the cell efficiency, which 

will finally lead to high-efficiency devices. Finally, it is worth noting that some of the discussed 

milestones have been obtained generally under cryogenic temperatures. The ultimate goal, of 

course, is achieving a practical IBSC, which would require that all the previously mentioned 

phenomena take place at room temperature. 
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FIGURE 3. Experimental progress in IBSC development from the perspectives of achieved 

experimental milestones and the demonstration of new technological approaches. In purple, 

milestones yet to be achieved. In red, the ultimate goal: a practical high-efficiency IBSC. 

 

3.2 IBSC technology status 

Although experimental progress has been made within each technological approach, none of the 

IBSC implementations so far have fully exploited the benefits of the IB.  

The use of OMs in IB devices is still in its infancy, yet demonstration of below-bandgap 

photocurrent in the first reports gives an indication of its potential.34,44,45 Research is needed to 

find the adequate combination of sensitizers and acceptors for which the ET and TTA processes 

are efficient, paying attention to how this process is affected by the operation voltage of the cell.  

Bulk semiconductors with DLIs have demonstrated the capability of achieving relatively strong 

below-bandgap photocurrent.32,46 New candidate materials continue to be proposed and 

analyzed,47–54 generally proving below-bandgap absorption, which evidences that the DLI 

approach is far from exhausted. However, we think that at this moment more profound studies 

are needed. It is important to discriminate IB candidates based on the amount of non-radiative 

recombination introduced by the deep levels, which will ultimately determine whether the IB 

plays a detrimental or beneficial role. In this regard, Ref. 55 presents a model for predicting the 

suitability of an IB candidate material from basic materials properties.  

In a similar line, HMAs have proven its potential as below-bandgap absorbers;33,43,56,57 but studies 

aimed to understand how to preserve the voltage are still lacking and should be addressed. 

QDs, in particular epitaxial quantum dots (EQDs), are the most investigated IB technology9 and 

the one that has allowed verification of the underlying physics of the IBSC, as previously detailed. 

Nevertheless, EQD-based IBSCs face two major problems. First, absorption of the transitions 

involving the IB is too weak, mainly due to the low volumetric concentration of EQDs (in the 

order of 1015-1016 cm-3). As an example, Figure 4 shows photocurrent produced in an 

InAs/AlGaAs EQD-based IBSC58 where below-bandgap photocurrent is several orders of 

magnitude weaker than supra-bandgap photocurrent. Similar behavior is obtained in other EQD 
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systems such as GaSb/GaAs.59 To enhance absorption in the QD material, light trapping 

techniques such as texturing60,61 or plasmonic scattering62 have been investigated, although the 

results are still far from the requirements of a high-efficiency IBSC.63 The second problem is 

excessive non-radiative electron exchange between the IB and the VB or the CB of the host, which 

prevents the preservation of the voltage at room temperature.38,64 This fast electron exchange is 

due to the non-optimal size and shape of EQDs, which give rise to closely spaced confined 

electronic levels, favoring carrier thermalization; and/or to electron-hole Auger recombination, 

which may be dominant in type-I EQDs.65 What has been learnt from all this is that higher QD 

densities, and better control on the shape, size and band alignment of the QDs are needed in order 

to use this technology as efficient absorber in IBSCs.  

 

 

FIGURE 4. Photocurrent measured in an InAs/AlGaAs EQD-based IBSC showing the three 

absorption thresholds in the IB material. Reproduced with permission from Ref. 58. 

 

4. FUTURE DIRECTIONS 

It is difficult to foresee which technology will first succeed in making practical IBSCs. 

Nonetheless, in this work we want to focus on one kind of QD technology still very little explored 

in IB devices: colloidal quantum dots (CQDs). CQDs66 are quantum dots synthesized via wet 

chemical routes that produce nanocrystals dispersed in a solvent. We think that this technological 

approach has the potential to overcome the main limitations found in EQDs. First, CQDs can be 

densely packed (volumetric densities of 1019-1020 cm-3) in solid-state films that are highly 

absorbent in both the VBIB and the IBCB transitions.67 Second, the size of the CQDs can be 

precisely controlled,68 allowing for a true gap between the IB and the VB and CB. Additionally, 

CQD thin-films can be fabricated by low-cost solution-processing techniques, such as spin-
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coating or drop casting, which allows envisaging CQD-based IBSCs operating at one sun. CQDs 

were first suggested as IB materials by Mendes et al.69 

One key difference between EQDs and CQDs, resulting from their respective fabrication 

methods, is that EQDs are grown inside a semiconductor host or matrix, whereas CQDs are self-

standing, in the sense that, once deposited on a substrate, they are surrounded by air. However, it 

has recently been demonstrated70 that perovskites and preformed PbS CQDs, combined in 

solution phase, can produce epitaxially-aligned dots-in-a-matrix heterocrystals. In this work, we 

will refer to such a material, in a general manner, as colloidal quantum dots in a matrix (CQDM), 

which have been also suggested as candidates for IBSCs.71 Sketches of CQD-based and CQDM-

based IBSCs are shown in Figure 5a-b. Their corresponding simplified band diagrams are 

depicted in Figure 5c-d, where we assume that the dots are n-doped such that the confined ground 

states of their conduction band is partially populated. An analogous alternative case in which the 

dots are p-doped is also possible but is left out of the discussion for simplicity. In CQDs, the 

ground state of the conduction band of the dots, plays the role of the IB, whereas the ground state 

of the valence band and the first excited state of the conduction band of the dots play the role, 

respectively, of the VB and CB as they are described in Figure 1a. In CQDMs, the CB and the 

VB are those of the matrix, just as it was the case in EQDs. 

Both approaches are, in principle, valid for implementing IBSCs from the point of view of strong 

photon absorption and control over the band diagram. There is, however, an important difference 

between CQDs and CQDMs that may tip the scale in favor of the latter. CQD films usually have 

reduced mobilities as compared to crystalline bulk semiconductors, because transport relies on 

carrier hopping between neighboring dots72 (see Figure 5c). In this situation, long carrier lifetimes 

for the CBIB recombination would be required to achieve efficient carrier collection. However, 

evidence in some CQD materials suggests that this lifetime is in the sub-nanosecond regime.73,74 

To solve this issue, one challenging pathway would be to engineer the CQDs so that they exhibit 

band-like transport and high mobility75 through the CB and the VB. In CQDM-based devices, on 

the other hand, charge transport occurs naturally within the bands of the crystalline matrix, with 

higher mobility, thus favoring carrier extraction. Additionally, the CQDM approach allows 

decoupling the absorption coefficient between the two component materials: the dots need only 

to be strong absorbers in the two sub-gaps (EH and EL), whereas the matrix can be a strong 

absorber for photon energies greater than EG. Nevertheless, the number of available different 

CQDM materials is still limited.76 

 



11 
 

 

FIGURE 5. Sketches of (a) a CQD-based IBSC and (b) a CQDM-based IBSC. (c) and (d) 

illustrate the band diagrams of (a) and (b), respectively. In (c) charge transport occurs between 

confined states of adjacent QDs. In (d) charge transport occurs within the VB and the CB of the 

matrix. (1) and (2) represent absorption processes between confined states of the QDs, whereas 

(2’) represents absorption between a QD confined state and a delocalized state in the matrix. 

 

The first CQDM-based IBSC prototypes, using PbS CQDs in a perovskite matrix, have provided 

satisfactory results.77 Monochromatic below-bandgap absorption was demonstrated, proving that 

the IB is optically active in the device (Figure 6b). TPPC was also reported, although it yielded 

very low currents (Figure 6c). In our opinion, the low values of the TPPC may be due to two main 

reasons. (i) Absorption from the IB to the CB is proportional to the occupancy of the IB. If the IB 

is naturally empty of electrons, IBCB absorption will be hindered. Hence, it is possible that 

pre-doping of the CQDs is needed in order to semi-fill the IB, so that both the VBIB and the 

IBCB absorptions are strong.78 This represents an additional challenge, since controlling 

doping in CQDs is not an easy task.79 (ii) The experiments performed in Ref. 77 probe the IBCB 

transition as occurring between a confined state of the QDs and the delocalized states of the matrix 

(transition 2’ in Figure 5). Such transition has an energy of around 0.8 eV (Figure 6a). Although 

this requires further studies, it is possible that the probability of this transition is not very strong. 

Instead, as discussed earlier, IBCB absorption can be strong in CQDs if the transition takes 

place between confined states67,74 (transition 2 in Figure 5). However, in the CQDs used in Ref. 
77 (EH = 1.0 eV), the transition between confined states that would represent EL is smaller than 0.3 

eV.67 
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As a guideline for future experiments using CQDM, we think that emphasis must be put in 

engineering the band alignment of the CQDs and the matrix so that it resembles that of Figure 5d 

(the first excited state of the conduction band of the QDs should be closely aligned with the bottom 

edge of the CB of the matrix). This would allow relying on strong absorption between confined 

states (for below-bandgap photons) and would guarantee a true energy gap between the IB and 

the bands of the matrix, which would reduce non-radiative recombination. We remark also that, 

to achieve the highest efficiencies at one sun, values of EL greater than 0.5 eV are required, as it 

can be deduced from Figure 1b. Therefore, small QDs should be targeted so that the strong 

quantum confinement allows such energy differences between consecutive confined states. 

 

 

FIGURE 6. (a) Band diagram and the different absorption thresholds in a PbS/perovskite CQDM-

based IBSC. TSPA stands for two-step photon absorption. (b) EQE as a function of the PbS QDs 

content. (c) Increase in the EQE upon addition of a second beam of IR light. Reproduced from 

Ref. 77, licensed under  CC BY 4.0. 

 

5. CONCLUSIONS 

IBSC research has reached a mature state. The theoretical framework is well established and 

understood thanks to continuous progress in experimentation using four technological IB 

approaches: QDs, DLIs, HMAs, and OMs. Each technology has its strengths and weaknesses, but 

overall QDs is the one that has verified most of the phenomena expected in IBSC operation. OMs 

have potential as a low-cost technology, but their development in IBSCs is still at its infancy. 

Regarding DLIs and HMAs, we advise the community to focus efforts on understanding the 

mechanisms of non-radiative recombination introduced by the IB, so that they can be suppressed. 

Within the QD approach, CQDs have emerged as a technology with potential for overcoming the 

two main hindrances encountered in EQD-based IBSCs: weak below-bandgap absorption and fast 

non-radiative recombination between the IB and the VB or the CB. Moreover, CQDs is a 

http://creativecommons.org/licenses/by/4.0/
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potentially low-cost technology, which allows envisaging the use of IBSCs in flat plate PV. In 

this regard, we have discussed how the IBSC concept is still very powerful without sunlight 

concentration, and we advocate for steering IBSC research towards low cost and high efficiency 

at one sun.  
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