The Impact of Blocking Layer Permittivity on the Electron Transfer Rate in Quantum Dot Sensitized Solar Cells
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Abstract— This paper models and simulates the impact of changes in the blocking layer permittivity on the electron transfer rate ([image: image2.png]ker)



from three quantum dots (QDs) of CdSe, CdS, CdTe to three metal oxides (MO) of TiO2, ZnO, SnO2 in porous-structured QDSSCs (Quantum Dot Sensitized Solar Cells)  for different QD diameters and by the use of Marcus theory. Blocking layer is considered to be placed on top of QD and MO. The effective QD-blocking layer permittivity approximation is used to apply and incorporate the impacts of blocking layer to Marcus equation; changes in this equation, which is modified with respect to a new equivalent permittivity, are visible in the free energy of the system. The results show that trend of changes in [image: image4.png]


with respect to QD diameters alters after crossing a particular permittivity threshold. For example, in TiO2-CdS and ZnO-CdS combinations, for permittivities less than 7.5, [image: image6.png]


 increases with the increase of QD diameter, but for permittivities greater than 7.5, as QD diameter increases, [image: image8.png]


decreases. These results can be used for better interpretation of experimental observations and also in the design and selection of MO-QD combinations including the blocking layer in QDSSCs.
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I.  Introduction 

Excessive use of fossil fuels is the main cause of environmental pollution and global warming, and this has led to increasing focus on renewable energy sources [1, 2]. Among different mean of harvesting renewable energies, solar cells have proven to provide the most attractive solutions [3-5].

Currently, quantum dot based solar cell technologies with various structures (Quantum Dot Sensitized Solar Cells (QDSSCs), multilayer hybrid solar cells, etc.) can be utilized to increase the efficiency of solar cells [6-8]. Low cost of QDSSCs as the third generation of solar cells and their potential to achieve the Shockley–Queisser efficiency of 32% have attracted much attention to this technology [9-11]; but their efficiency is still low, and according to studies, has recently reached to a little over 8% [12].

Quantum dot semiconductors are considered as light-absorbing materials with features such as tunable band gap (achieved by changing their size) and multiple exciton generation per absorbed photon, which make them suitable for photovoltaic applications [9, 13, 14].

To reduce the amount of electron-hole recombination in QDSSCs, a blocking layer may be used in either of the following positions: i) on the electrode to prevent electrons from returning from the electrolyte back to the electrode [20-15]; ii) on the quantum dots (as light absorbing material) to reduce the return of electrons from QD to the electrolyte or on high band gap semiconductors (as the electron collector) to prevent the return of electrons to the valence band of quantum dots. This layer also prevents corrosion and protects the quantum dots, Metal Oxide (MO) and the electrode from the electrolyte [12, 21-31]. This layer plays an important role in enhancing the overall efficiency of the cell.

In 2008, Lee et al. used a ZnS blocking layer to increase the cell efficiency from 1.2 percent to 9.2 percent [32]. In 2009, Mora-Sero et al. used a ZnS blocking layer deposited on quantum dots and metal oxide and achieved a level of efficiency several times greater than what had been achieved without ZnS [23]. In 2011, Kim et al. used TiO2 blocking layers with thicknesses of 7, 30 and 170 nm on the FTO and found that adding a blocking layer with a specific thickness (30 nm) increases cell efficiency from 0.23 percent to 0.52 percent [18].

In 2012, Chang et al. used different combinations of ZnS, ZnSe and Cu2S blocking layer to increase the efficiency from 0.53 to 2.52 percent [30]. Also, in 2013, Choi et al. used ZnO blocking layer deposited on titanium dioxide to increase the efficiency from 0.53 percent to 0.7 percent [24]. In 2015, Yang et al. used ZnSe blocking layer deposited on the TiO2 metal oxide with CdS quantum dots to increase the efficiency from 1.09 percent to 2.07 percent [25]. In the same year, Zhao et al. used ZnS and SiO2 blocking layers separately to increase the efficiency from 2.53 percent to 6.37 percent and ultimately used a ZnS / SiO2 hybrid blocking layer to achieve an efficiency of 8.21 percent [12].

Kamat et al. have reported that the electron transfer rate ([image: image10.png]


) between QD and TiO2 is in the range of 1010[image: image12.png]


1011(1/s)[33, 34]. The process of electron transport through porous layer of TiO2 is slower than the mechanism of electron transfer, so losses due to recombination can be considered an important factor in limiting the overall efficiency of the cells [35]. Therefore, the proper use of blocking layer can play an important role in reducing the recombination and increasing the cell efficiency.

In this paper we simulate the effect of blocking layer permittivity (up to 15 various different blocking layers) on [image: image14.png]


from three quantum dots of CdSe, CdS, CdTe to three metal oxides of TiO2, ZnO, SnO2 by using the Marcus theory. Four widely-used blocking layers Al2O3 [36,37], ZnO [24,38] , TiO2[9, 38-40] , and ZnS [12,21,23,30,32] with permittivities of 9.4 [41],9.9,10.5 [33], and 8.3 [42] are within the scope of our simulation. It should be noted that blocking layer acts as a barrier against the injection of electron from donor (QD) into the conduction band of acceptor (MO) and thus reduces [image: image16.png]


. But as researches mentioned above have shown, the reduction in recombination (electrons not returning to the valence band of QD) and the increase in the density of acceptor atoms (due to the presence of blocking layer on MO) [38] can cause the presence of blocking layer to ultimately increase the cell’s overall efficiency. Thus, considering this issue (decreased [image: image18.png]


), we felt that it would be beneficial to assess the impact of changes in the blocking layer permittivity (i.e. different blocking layers) on [image: image20.png]


and find the optimum rate, and then present the results in order to be used experimentally by our  colleagues.

To assess the validity of simulation results, we compared them with the results of two other works in this field: a sample without blocking layer [33] whose results were obtained from our previous work [43]; and a sample with a blocking layer, whose transfer rate for a diameter of 2.6 nm was 5.75 × 1011 (1 / s) [44]; our simulation obtained the same values with only 3 percent error (5.563 × 1011 (1 / s)).

II. Structure, theory and modeling
The target structure is a QDSSC, where MO is formed spherically on a conductive glass substrate usually made of ITO (Indium tin oxide) or FTO (Fluorine tin oxide); a blocking layer with a specific thickness is then deposited on MO to protect it and prevent recombination; then come the spherical and porous quantum dots and again a blocking layer covers the entire structure. It has been experimentally shown that this method of blocking layer deposition yields the best efficiency. Creating a barrier between electron donor (QD) and acceptor (MO) will obviously reduce [image: image22.png]


, but reduced recombination with electrolyte will increase the system’s open circuit voltage and will enhance the efficiency of the cell. 

Here, the objective is to assess the impacts of blocking layer on [image: image24.png]


. This assessment is conducted by considering QD diameters of 3.7, 3.8, 4.2, 4.8, 5.4 and 6 nm, blocking layer thickness of 0.2 nm, temperature of 300 degrees Kelvin, MO diameter of 20 nm and a 5 Å distance between QD and MO. Figure 1 shows the blocking layer layout and the flow path of electrons.
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Figure 1. the layout of blocking layer considered for the structure.
Marcus equation shown below can be used to calculate [image: image27.png]
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(1)

where[image: image31.png]


 is the electron transfer rate in 1 / sec, ℏ is the Planck's constant, ρ(E) is the density of states for MO,[image: image33.png]H(E)



 is the electronic coupling matrix for Acceptor-Donor, [image: image35.png]


is the system reorganization energy in eV, kB is the Boltzmann's constant, T is the system operating temperature in Kelvin, and[image: image37.png]


 is the system’s free energy in eV, which is the sum of charging, electronic and Coulomb energies [33].

The manner of incorporation of thermal effects and fixed parameters (such reorganization energy, crystal defects, etc.) is similar to our previous work (reference 43).

In 2012, Chatiar and Engheta modeled a sphere with a layer on top, in the form of a sphere with a new radius and effective permittivity and provided an equation to calculate the permittivity resulting from the layer [45]; here we use this approximation to model the blocking layer and incorporate its impacts into the Marcus equation of our structure.

Blocking layer deposited on both MO and QD is considered as a sphere with a new radius and permittivity (Figure 2); applying the effects of new radius on the QD conduction band edge and new permittivity on the free energy yielded the modified Marcus equation, where the effect of different parameters in the presence of blocking layer is demonstrated.
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Figure 2. The equivalence of a core/shell semiconductor and a sphere with a new dielectric constant [45].
The effect of blocking layer deposited on MO can be ignored because of the MO large dimensions (bulk) and consequently its negligible effect on the relations. Our main focus therefore is the new permittivity resulted from QD and blocking layer. It should be noted that in addition to 5 Å distance assumed between the QD and MO, we also consider the thickness of blocking layer positioned between the two and incorporate it into our calculations (this weakens the coupling matrix). As is clear in Figure 2, the distance between a and b represents the thickness of blocking layer.

The impact of new permittivity on the free energy is as shown in Equation 2. Free energy is the sum of charging, electronic and Coulomb energies.
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     (2)

where[image: image42.png]


 is the MO conduction band edge energy, [image: image44.png]


is the QD conduction band edge energy with respect to vacuum, e is the charge of electron, [image: image46.png]£QD



and [image: image48.png]EMO



are the dielectric constants of  QD and MO, and h is the distance between QD and MO. According to the Brus equation, with considering the effective masses of electron and hole in QD, we can calculate the change in the QD conduction band edge as [46]
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           (3)

The new sphere has a radius of a (the sum of the thickness of blocking layer and the radius of QD); the new effective permittivity resulted from the blocking layer and QD, which we call [image: image52.png]


,  can be calculated by the following equation:
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where [image: image56.png]


 is the dielectric constant of blocking layer,[image: image58.png]


 is the dielectric constant of QD, [image: image60.png]


is the effective dielectric constant of new sphere, b is the radius of QD and (a-b) is the thickness of blocking layer [45].

After applying the new dielectric constant on the conduction band edge and free energy relationship, we modify the Equation (1) with respect to blocking layer to achieve the targeted results. If we apply the effect of blocking layer on the MO as an permittivity with new radius, new results will be largely similar to the previous approximation, with only a very little difference in [image: image62.png]


; hence the approximation considered here is a sound and logical approach.

III. Results
We changed the blocking layer permittivity (i.e. different blocking layers) from 0 to 15 for QD diameters of 3.7, 3.8, 4.2, 4.8, 5.4 and 6 nm and using the constants mentioned in the previous section, and then plotted the changes in [image: image64.png]


with respect to changes in permittivity for 9 MO-QD combinations. Figure 3 shows this plot for TiO2 metal oxide and three assessed QDs. As can be seen, in the case of TiO2-CdSe, for small permittivities, large QD diameters lead to greater rates, but opposite occurs for large permittivities. In TiO2-CdS, for permittivities less than about 7.5, greater QD diameters lead to greater rates, but we can see the opposite behavior for permittivities greater than 7.5. In TiO2-CdTe smaller QD diameters lead to increasing rates. The reason behind the increase in rate with the increase in permittivity is that as the permittivity increases free energy of the system (ΔG) becomes more negative (Equation 2).
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Figure 3. [image: image67.png]


 from QD to MO with respect to the blocking layer permittivity, for TiO2 metal oxide with CdSe (a), CdS (b) and CdTe (c) quantum dots for 6 different QD diameters.
In the next step, we acquired the results of ZnO metal oxide for three quantum dots of CdSe, CdS and CdTe. In ZnO-CdSe, as diameter decreases, the rate increases with the increase in permittivity (here the small permittivities do not demonstrate opposite behavior). The behavior of rate in ZnO-CdS and ZnO-CdTe are as was seen in TiO2-CdS and TiO2-CdTe, respectively (Figure 4).
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Figure 4. [image: image70.png]


from QD to MO with respect to the blocking layer permittivity, for ZnO metal oxide with CdSe (a), CdS (b) and CdTe (c) quantum dots for 6 different QD diameters.
In the final step, we acquired the results of SnO2 metal oxide for three mentioned quantum dots. In SnO2-CdSe, for permittivities less than about 1.7, greater diameters of blocking layer lead to greater rates; the two other combinations show behaviors much like the previous combinations (Figure 5).
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Figure 4. [image: image73.png]


from QD to MO with respect to the blocking layer permittivity, for SnO2 metal oxide with CdSe (a), CdS (b) and CdTe (c) quantum dots for 6 different QD diameters.
The positions of QD and MO conduction bands have an important role in changing the rates. a change in the permittivity, changes the QD-MO charge, electronic and Coulomb energies; this changes are so that as the QD conduction band becomes more positive as compared to MO’s (with respect to vacuum), [image: image75.png]


increases (otherwise, it will decrease). For example, the increase that was seen in rates for TiO2-CdS with a specific permittivity, for diameter of 3.7 nm as compared to diameter of 6 nm is because of increasing dominance of electronic energy between MO-QD.
IV. Conclusion
In this paper we have modeled the impact of blocking layer positioned on MO (Metal Oxide) and QD (Quantum Dot) as a new sphere with a new permittivity, and then applied these effects on the QD conduction band edge and free energy of the system. We have obtained the electron transfer rate ([image: image77.png]


) from QD to MO for a QDSSC (Quantum Dot Sensitized Solar Cells) using the modified Marcus equation. The changes in [image: image79.png]


versus the blocking layer permittivity were calculated and plotted for six different QD diameters. The obtained results show that, for all combinations of QD-MO, [image: image81.png]


increases with increasing the blocking layer permittivity. For five combinations of QD-MO, the curves of [image: image83.png]


 for various QD diameters intersect at one point. For CdSe-TiO2, CdSe-SnO2 combinations, the intersection points are placed at small permittivities less than 2, whereas for three CdS-TiO2, CdS-ZnO and CdS-SnO2 combinations, the intersection points are placed at larger permittivities about 6.5-7.5.         

According to our investigations, the study and simultaneously comparing several types of blocking layers have not been performed up to now. Therefore, the results presented in this research could be useful for better interpretation of experimental observations and also for the design and selection of QD-MO various combinations including the blocking layer in QDSSCs.
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