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Abstract: - Recent developments in the field of quantum photovoltaic devices, in both theoretical and experimental level have shown strengths and weaknesses of such devices, as far as improvements of transport properties and collection efficiencies are concerned. Better understanding in all aspects of the physics of suppressed dimensionality devices is necessary, if real progress for more efficient devices is to be expected. We report on preliminary results and insights, leading to the conclusion that Fermi levels compromise differently in the bulk and in the presence of quantum wells of the same materials. We discuss two different cases: (a) bulk hetero-junctions and (b) single quantum well Heterojunctions in the dark and under illumination. We conclude that the mere existence of (a single) quantum well splits the Fermi levels under photon flux rates. We show that quantum well structures, under illumination, cause a clear Fermi level splitting of several meV (from 4 to 13 meV per quantum well). Our findings confirm, in a direct way, experimentally measured Fermi level splitting, and open the way for further study of the physics of heterojunction photovoltaic devices. Such Fermi level splitting is expected to cause improvements in transport properties of photovoltaic heterostructures. 
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1
Introduction

This paper is concerned with aspects of the latest developments in the area of suppressed dimensionality solar cells. Two types of quantum well design adoption are usually of interest: (a) quantum wells are far from each other (in other words, wide gap material or AlGaAs layers are much wider compared to narrow gap layer widths) ensuring zero tunneling current contribution and (b) thin AlGaAs layers that succeed in forming tunneling currents. In either case, when the device is illuminated, excited carriers (coming from generated electron hole pairs (EHP’s)) may find themselves in the quantum wells, where they face two options: either recombine or contribute to current. Now, depending on the geometry design, these carriers might either escape thermionically to the continuum of the conduction band or tunnel through thin potential barriers to be collected at the end of the device, so that in either case extra current value is expected. In this review, I will mention some of the main contributions as reported by the London group, first initiator of multi-quantum well solar cells with great expectations in efficiency gain improvements. Along with this review, I will include in a rather swift fashion the main criticism against the above expectations, and I will stress the fact that QW-solar cells, have reached a level of confidence as far as overall (global)  improvements are concerned. Finally, the (yet) unsolved problem of quasi-Fermi levels in the intrinsic region of p-i-n QW-diodes, will be addressed as a probe toward a validation (or not) of existing theoretical models. Experimentally, Fermi level separation has been measured by the London group, but no evidence of a theoretical approach has been presented (to our knowledge) in the wider literature yet. Based on charge neutrality arguments, an outline of Fermi level splitting in abrupt junctions formed in a quantum well and barrier interface will be presented, and a generalization will be proposed, namely, that the existence of energy minibands due to quantum well formations causes (in an otherwise intrinsic) Fermi level splitting. 

2
Multi-quantum well solar cells

The Imperial College group [1] has pioneered the field of Quantum Photovoltaics (QPV), which has been instrumental in advancing theory and experiment on quantum photovoltaics with many important contributions over the last decade. Quantum size effects (due to quantum wells) are routinely exploited in optoelectronic devices [2] (such as quantum well infrared photo-detectors), for more than a decade and with greater overall device performance, when compared with bulk counterparts. What is an MQW-solar cell? Typically it is a p-i-n junction where the intrinsic region has been replaced by a sequence of lattice-matched layers with different band-gaps: starting from the p-region, low gap and wide gap thin layers are grown respectively until the edge of the n-region of the “initial” p-i-n junction. Due to energy gap differences, quantum wells (QW) are formed with a high probability of trapping generated carriers, when the device is illuminated, while the wide gap layers play the role of potential barriers, not necessarily thin, for either allowing quantum tunneling to occur or not. The mere existence of the QW’s widens the absorption above the lowest energy gap, thus allowing more energetic photons to be absorbed by the whole device. The latter advantage has been an essential idea for a presumed superiority of QW’s over bulk counterparts in most device realizations so far [3]. Excess photogenerated carriers are expected to be trapped in the QW’s and from there they are expected to escape to the conduction band, along with recombination losses. This event of incident spectrum enhancement has led to current increases due to high escape efficiencies at room temperature. Thus, the coexistence of wide and low gap lattice-matched layers ensures simultaneous (i) short and (ii) long wavelength absorption of the incident spectrum and the extra carriers contribute to extra currents. Essentially, the output voltage of a QW-solar cell depends on the quasi-Fermi level separation, as seen in respect with the p- and n-regions (including both ends of the device). However, it is not clear as to what this separation is in the intrinsic region in neighboring well and barriers [4, 5, and 6]; although it has been reported, as early as in 1995, that Fermi level separation should be included in the QW-solar cell description [7]. The London group has published results [8, 9, 10, 11] on the fact that the quasi-Fermi level separation is different in wide and narrow wells with a strong temperature dependence suggesting that the separation in the wide QW’s approaches the bias as T reduces (when carrier escape is severely  inhibited). A controversy, still on hold, has risen with the Spanish model’s results according to which, under certain assumptions, the QW-solar cells cannot reach higher efficiencies as their bulk counterparts [11, 12, 13, and 14].


We have modeled tunneling and thermionic emission in QW solar cells (AlGaAs/GaAs systems) [15, 16, and 17]. On one hand, it has been found that tunneling (when allowed by selectively growing thin potential barriers as well) plays a significant role in carrier collection and extra current formation. Indeed, photogenerated carriers trapped in QW’s have a finite probability of tunneling through the growth direction of the intrinsic region, before recombination. In this fashion, and in the constant interplay between tunneling and thermionic emission, it was found that tunneling dominates at low temperatures and thermionic emission dominates at high temperatures. Tunneling of excess photo-carriers through the potential barriers is of advantage at low temperatures, by swiftly separating electron-hole pairs and thus minimizing recombination, while under current studies it has been found that thermionic emission rather suffers from recombination losses. More specifically, for the case of an AlGaAs/GaAs structure (a) under zero tunneling, and (b) under the constant interplay between thermionic emission and recombination losses (Auger and radiation losses), initial studies have shown (this model is under further development) that for QW’s of the order of 6nm, there is extra current density gain from thermal escape near 1mA/cm2/QW, thus providing an obvious advantage of layer multiplicity in terms of extra current gain, even with quantum well-related losses due to reflection and trapping. It is to be noted also, that the London group has successfully demonstrated that recombination is reduced in quantum wells, when compared with the bulk cases, which would lead to enhancement of extra current collection.  

3
Efficiency issues

Initial motivation for the incorporation of quantum wells is based on expected global efficiency enhancement, in the sense that the QW-solar cell is more efficient than its bulk counterpart [18] is. However, such nanostructures have been known to offer such an advantage only for some specific band gaps, under solar illumination, while the majority of experimental measurements have shown only “relative” advantages, simply indicating the fact that the mere existence of a multi-gap region could indeed enhance efficiencies. Current criticism is based on detailed balance calculations and tends to refute the idea of global efficiency enhancement, in spite the unmistakable validity of the experimental results. The essence of the criticism against global efficiency gain of multi-gap solar cells is based on one important assumption: the uniform quasi-Fermi level assumption. This means that current modeling of carrier photogeneration and subsequent efficiency gains can be described by means of the quasi-Fermi levels, which remain spatially uniform and are split by the existing voltage at the terminals. In fact most of the theoretical studies refer to open-circuit voltage as the difference between the fermi levels in the p- and n- regions of the p-i-n structures (in either bulk or multi-band). Violation of this assumption could set the current criticism on global QW-solar cell advantage into question. Separate quasi Fermi levels (in the QW region) have already been discussed by the London group both experimentally and theoretically. Electroluminescence data on model p-i-n QW-solar diodes, obtained in the dark and under illumination, indicate that (a) quasi-Fermi levels are discontinuous in biased multi-structures and (b) that the quasi-Fermi levels in the quantum well can be suppressed with respect to the quasi-Fermi level in the barrier and the terminal voltage in the forward bias regime. Such a Fermi level split would contradict the results of criticism based on the detailed balance argument. Although such an experimental observation of Fermi level splitting has been reported by the London group, it does not necessarily mean that automatically the avenue for a global efficiency gain is open, but is very significant in the sense that it establishes in an experimental manner that there is evidence of Fermi level splitting in the intrinsic region and especially at the interfaces between quantum well and barrier regions. Recently, as it has been reported, photon-assisted carrier escape from the quantum wells, may lead to global efficiency gains, confirming earlier claims of 63% maximum efficiencies, but the whole argument is against Fermi level splitting with simultaneous carrier escape, because the Second Law is violated. Most of the London group’s data shows that the Fermi level, in the quantum well, becomes increasingly suppressed, with increasing forward voltage, which could be understood via the fact that the increasing voltage decreases the internal fields in the diode. However, during illumination and subsequent photo-carrier escape the question remains open: what is the physical explanation for Fermi level separation?

4 Lower dimensions and Fermi level splitting

Further progress is needed, in answering the following questions:

 (a) Are continuum thermodynamic arguments sufficient to describe nanostructure solar cells under non-equilibrium conditions, such as illumination of quantum wells along with photo-generation, thermionic escape and parallel recombination? (b) To what extent detailed-balance limits are to be interpreted as targeted upper limits for efficiency gains. (c) Does excess carrier confinement and escape require quasi-Fermi level splitting? For QW-solar cells, analytical and numerical results are essential for meaningful predictions of global efficiency gains. Preliminary work (to be reported shortly elsewhere) has shown that there is a definite level separation in quantum wells under dark and illumination conditions. The mere existence of excess photo-carriers in a quantum well, in the intrinsic environment of a p-i-n device, requires Fermi level shift relative to either un-illuminated quantum well or bulk layer respectively. Charge conservation in devices with single and multiple quantum wells is maintained, under (a) bulk and (b) illumination conditions. Excess carriers may be generated in the quantum wells either under dark or illumination conditions. In either case, the Fermi levels comply with the situation by adjusting themselves accordingly. More specifically, at the junction of two layers with different energy gaps (such as in GaAs/AlGaAs succession of layers) the quasi-Fermi level difference prior to illumination qw(d) and the same difference after the illumination (due to a photon flux) qw(ph) does not remain the same; their difference is essentially dependent upon the carrier concentration in both layers. Trapped carriers exist in the quantum wells [19]:

qw (ph) - qw(d)
= (kT)ln[Ne/(Ne+Ne)]
(1)
Where Ne is the net electron residue in quantum wells due to intrinsic doping conditions, and where due to quantum well contributions, Ne is the excess (after recombination losses have been extracted) electron population in the quantum wells, due to illumination. Note that the excess carrier concentration is the net carrier population generated per quantum well, in other words, possible recombination mechanisms have been included. It is seen from (1) that the Fermi level separation decreases under illumination, and is given explicitly by (1) above. Similar results reported for bulk/bulk heterojunctions, both in dark and under photon flux, confirm the fact Fermi levels compromise in bands varying in dark and illumination conditions. At a bulk heterojunction (in dark), the simplest form of charge neutrality condition dictates Fermi level behaviour at the interface. For various types of heterojunction configurations, such as, bulk/bulk and bulk/quantum-well/bulk, quasi-Fermi level at every involved layer will compromise differently: under dark, the bulk/bulk (b/b) quasi-Fermi level difference, 
b/b =

Ec+ kT Ln {(Nc1 /Nc2 ) (Ni2/Ni1)}
(2)
Where Ec is the conduction band discontinuity of the semiconducting materials involved, Nc1, c2 (for each material) happen to be the conduction band density of states of the two layers, Ni1,12 are the intrinsic electron concentrations in both materials respectively. Comparison of (1) and (2) leads to the following conclusion (in dark): 

qw - bulk=

Ec+ (kT) Ln {Ni1/(Ni1+Nw)}

(3)

Where Nw is the quantum well carrier concentration. 

5
Fermi level splitting
As an open issue at this point remains the assumption of uniform quasi-Fermi level separation in the intrinsic region of an III-V p-i-n PV-diode. A fundamental question concerning excess carriers needs an immediate answer: 


Does excess carrier confinement and escape cause Fermi level separation in the well and the barrier material? 

After the formation of a junction, the mere existence of a quantum well affects the Fermi-levels of both materials involved (wide and low band gap). For bulk junctions (of the type AlGaAs/GaAs) the Fermi levels compromise within a range bulk. For exactly the same materials, while for junctions AlGaAs/GaAs (qw)/AlGaAs the Fermi levels compromise within a narrower band qw. For qw-devices under dark and illumination conditions, different Fermi level shifts occur. The general method is followed here, namely, one may integrate over all the available states in a qw-structure, where typically one expects two at the most eigen-states. The integral will have to include the availability factor (seen below) through the density of states, and probability of electron distribution. Thus, given the fact the each state carries its own width (found through tight binding methods), a direct integration over a minimum and a maximum of energy is performed as follows:

 Carriers trapped in a qw can be found from the following integral:
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Where in (4), the range of integration includes the width of the minibands in the qw, g (E) is the 2-D density of states (DOS) and f(E) is the probability distribution in the qw-device. The latter is typically a Maxwell-Boltzmann distribution in these devices where the fermi level is several kT’s away from the lowest miniband in the qw. Direct (under dark) integration of (4) leads to:
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Where 
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Under illumination (5) gives:
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Solving for :
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Where  is the excess carrier concentration in the qw’s due to illumination (after recombination losses). Computations of Fermi level splitting indicate variations from (4 to 12 meV) under illumination flux of the order of 1017 cm-2 s-1. ? 
5. To probe further


It seems reasonable, and it is part of an ongoing research project, that the only mechanism responsible for better carrier transport in these devices is (a) not the nature of the material (b) not the specific geometry adopted, but (c) [given (a) and (b)] the ability of carriers to hop above the conduction bands (under the existing electro-static fields). Hopping conductivity, encompassing overall Bloch-like​ carrier behaviour, seems to be the answer to the question. Bloch-like behaviour is a direct result of potential periodicity, in which case, carrier-hopping transfer becomes possible from well to well. Bloch electrons in nano-PV and hopping conductivity studies are under current investigation.

7.
Conclusions
We have shown, for the first time that carrier confinement in quantum wells under illumination causes a non-zero Fermi level split in the energy gap of any multi-qw device. Such splitting while absent in dark conditions, is more pronounced under illumination at all wavelengths, and depends on temperature and excess carrier concentration. The latter can reach, and even exceed “dark” carrier concentrations, so that via (7), splitting can reach 70% of a kT.  As it results from (5), (6) and (7), the difference is positive, indicating a shift of upwards and toward the bottom of the quantum wells. 

In turn, this leads to an increase of transport properties (such as conductivity: 
 exp [-(E-)/kT])
In this context, overall improvement of multi-quantum well photovoltaic devices is justified via a clear proof of Fermi shift, in undoped quantum well arrangements. 
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