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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. We need a better understanding in all aspects of the physics of suppressed dimensionality devices, if real progress for more efficient devices is to be expected. In this communication we review the situation in terms of three current components in solar nanostructures: (a) thermionic currents (b) tunneling currents and (c) hopping currents. All three current components are likely to occur when optical devices (especially solar cells) are under illumination. We review the advantages and shortcomings of these and pointy out the optimum conditions for their maximization. 
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1 p-i(mqw)-n Solar Cells
The field of Quantum Photovoltaics (QPV) was pioneered in the early 1970’s due to the fundamental work of Leo Esaki on tunneling currents in semiconductor devices. Since then, quantum size effects (due to quantum wells) are routinely exploited in optoelectronic devices (such as quantum well infrared photo-detectors), for about three decades. Understanding the role of quantum size effects in modern semiconducting devices has led to great advances the field of microelectronics. Modern semiconductor devices are smaller in size, faster and more efficient. The latter is great advantage in the case of solar cells, where carrier confinement, due to illumination, leads to higher collection efficiencies. What is an MQW-solar cell? 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where the intrinsic region has been replaced by a sequence of lattice-matched layers with different band-gaps: starting from the p-region, low gap and wide gap thin layers are grown respectively up to the edge of the n-region of the “initial” p-i-n junction. Why p-i-n geometry? P-i-n structures are more efficient from simple p-n junctions, because they are capable of generating more carriers during illumination. First of all, an intrinsic region is grown between p and n regions. This region is usually much longer compared to p- and n- regions of the device, and corresponding depletion region is much wider than the one of a single p-n junction. During illumination electron hole pairs (EHP’s) develop and separate due to existing electrostatic fields of the primary p- n- structure. It is clear then that electrons and holes will move opposite directions until the get collected as current components. If the depletion region is sufficiently wide, more EHP’s are expected and thus higher currents will be collected. This is a basic advantage of a p-i-n device against a p-n junction. In the late 1980’s and early 1990’s it was realized that multiple energy gaps in the intrinsic region or in one or both p- and n- regions causes better efficiencies and or better transport properties. Growing mqw’s in the intrinsic region for instance, causes carrier confinement in quantum wells. These carriers are likely to escape or to recombine (hence lost), accordingly. So due to energy gap differences, multiple quantum wells (mqw) are formed with a high probability of trapping photo-generated carriers, while the wide gap layers play the role of potential barriers, not necessarily thin, for allowing quantum tunneling to occur or not. The mere existence of the QW’s widens optical 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. Excess photogenerated carriers are 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 excess carriers contribute to excess currents. 

Fundamentally, the output voltage of a QW-solar cell depends on the quasi-Fermi level separation seen in respect with the p- and n-regions; however, it is not very clear as to what this separation is in the intrinsic region in neighboring well and barriers. It has been found out that the Fermi level separation differs in different widths of wells. The London group has published results 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 (A. Marti and co-workers) according to which, under certain assumptions, the QW-solar cells cannot reach higher efficiencies than their bulk counterparts have.  
2 Thermionic Currents
We have modeled thermionic emission in QW solar cells (mainly for AlGaAs/GaAs systems; however the model is applicable to any III-V heterostructure). Photogenerated carriers trapped in QW’s have a finite probability of either tunneling through the periodic potentials in the intrinsic region or thermally escaping from the quantum wells and diffusing in the conduction band forming a thermionic component. At high temperatures, thermionic emission is dominating against tunneling or hopping currents. At any intermediate temperature range there is a constant   interplay between tunneling and thermionic emission. 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 radiative recombination), our studies have shown that for QW’s of the order of 5 to 6nm, there is excess 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 has to be noted also that the London group has successfully demonstrated that recombination is reduced in quantum wells, when compared with the bulk cases. An outline of calculations regarding thermal currents is a s follows:

Thermal currents can be found from the following expression:

[image: image1.wmf][

]

å

å

ò

-

-

-

=

k

k

k

k

k

k

kk

k

k

kk

S

f

f

S

f

f

E

dEg

q

j

'

'

'

'

'

'

)

1

(

)

1

(

)

(

[image: image5.wmf])

3

(


[image: image6.wmf]ò

=

dn

E

v

q

J

sc

)

(


Where the factor 1-P(E) represents the non-tunneling probability of the carriers, g(E) is the 2-dimensional DOS v(E) is the thermal velocity of the electrons and f(E) is the Fermi-Dirac distribution. It turns out (based on (4)) that thermionic currents are as follows:

[image: image7.wmf])

4

(


Expression (5) suggests a T3/2 dependence on temperature, since this is due to the 2-dimensional DOS (density of states) of the quantum wells.
3 Tunneling Currents
The short circuit current density can be evaluated from the following general expression:
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Condition (1) is the drift current density, which is to be generalized in our case, q is the electronic charge, n is the carrier concentration (per unit volume) and v is the velocity of the carriers that possibly drift along the growth direction of the device.  Generalizing (1), we obtain the following connection between short circuit current density and open-circuit voltage:
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Where f(E) is the  Fermi-Dirac distribution function, qVoc is the open circuit voltage, P(E) is the tunneling probability through thin barriers (which is not zero (!)), v(E) is the drift velocity of the electrons, Gph is the incident photon flux (in #of photons/cm2-sec), A is the cross section of the device,  is the transit time of the carriers, Li is the length of the i-region,  exp(-x) is the absorption factor, and g(E) is the two dimensional density of states (DOS) due to the quantum well structures. Such structures are super-lattices, typically containing 40 repeat distances or periods, where the carriers (electrons) can be trapped within mini-bands. The trapped carriers either recombine or escape in two ways: via tunneling and/or via thermionic escape. The double integral in (2) evaluates the current density due to trapped carriers in the wells, down to the mini-band level, while taking into account any absorption through Li. Carrying out the integrals in (2) one obtains a general result of the tunneling current density in terms of device parameters:
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Where the conduction band discontinuity has been taken into account. Eq (3) includes several parameters that are of fundamental importance, namely, the transit time of the carriers through the intrinsic region of the p-i-n solar cell structure, the open-circuit voltage, the temperature T, the depth  of the quantum wells, G is the photon flux, and the number of periods embedded in Li. 

4 Hopping Currents
An important transport mechanism in microelectronic devices is hopping conduction form site to site. Currently, we are working on Nearest Neighbor Hopping (NNH) current densities for III-V heterostructures embedded in the intrinsic layer of p-i-n geometries. We are starting from a general formalism that relates the density of states in individual wells with the transition probabilities from a quantum well state to any neighboring one, in a superlattice-geometry. In the process, we point out the fact that there is zero hopping-current without Fermi level splitting for any two consecutive layers. Next, and in the tight binding approximation (TBA), we relate the eigen-energies with the transition probabilities and conclude that NNH-currents seem to be of the order of 1mA/cm2, and depend on (a) device geometry (b) temperature (c) conduction band discontinuity and (d) Fermi level splitting. An outline of the theoretical steps involved is as follows:
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NNH-currents from site k to site k’ may be expressed as a double summation over all available sites and energy values, via (a) appropriate transition rates Skk’ and (b) available density of states g(E), in the Fermi-Dirac (fk,k’ - probability) regime. 
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With scattering rates as: 
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The maximum current density result is fundamental, in the sense that it provides a measure of the order of magnitude of expected currents per unit area, for a superlattice structure. We are reporting for the first time in this conference, that max-NNH currents are:
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In (8), we bring the result into the general form of current density, directly applicable to devices. The pre-factor is:
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The following factors are included in the final version of the max NNH-current:

(1) superlattice geometry: width of quantum wells, and potential barriers

(2) electronic mass, and effective mass of carriers in specific semiconductor layer

(3) conduction band discontinuity: the latter plays a great role in carrier transport, since it represents the barriers that carriers need to overcome

(4) Fermi level splitting at a quantum well-barrier junction. In the vicinity of an interface between two layers (as involved in the formation of a quantum well), the Fermi level splits under illumination. Net hopping currents are zero, unless Fermi level splitting occurs: in the order of 4 to 14meV. 

We find that, for repeat distances d of the order of 10 nm, realistic results for maximum excess current densities per quantum well near (or less than) 1mA/cm2. Note that, for GaAs-AlGaAs superlattice systems, the effective mass is 0.067 the electronic rest mass, the band discontinuity is of the order of 0.210 eV, quantum well and barrier widths are of the same order, and Fermi level splitting. 

5 Current Issues on QW Solar Efficiencies
Initial motivation for the incorporation of quantum wells was based on the expected efficiency enhancement, in the sense that the QW-solar cell is more efficient than its bulk counterpart is. However, in practice, such nanostructures have been known to offer such an advantage only for some specific band gaps, under solar illumination. 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 it has been reported that photon-assisted carrier escape from the quantum wells, may lead to global efficiency gains, confirming earlier claims of 63% maximum efficiencies. 
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