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Abstract

:

In this work, the operation mechanism of hybrid solar cells is studied explicitly. The excitation, diffusion and dissociation of singlet and triplet excitons and charge transport of free charge carriers are studied and their corresponding rates are calculated for a flexible P3HT:SiNW hybrid solar cell. The rates are found to be faster for singlet than triplet excitons. Possible loss mechanisms in hybrid solar cells have also been highlighted.
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1. Introduction


The concept of hybrid solar cells was developed with an intent of combining the advantages of both organic and inorganic materials, where the organic acceptor layer was replaced with an inorganic material for enhanced absorption and stability while maintaining the bulk-heterojunction concept [1,2]. Hybrid materials normally consist of inorganic nanoparticles as acceptor [3] and organic materials (small molecules/polymers) as donor materials. Together they form the photovoltaic active layer where photon absorption, Frenkel exciton formation [4,5,6], diffusion [4] and dissociation [7,8] take place. The free charge carriers are transported and collected at opposite electrodes [2,7,9].



In hybrid solar cells, a combination of poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) and silicon nanowires (SiNWs) has produced the best power conversion efficiency of 8.40% [10]. Other examples of inorganic acceptors include titanium dioxide [11], zinc oxide [12] and cadmium selenide nanocrystals [13]. The advantages of hybrid solar cells include the enhanced photoconductivity and higher absorption coefficient of inorganic nanoparticles than organic materials. Also the n and p types doping levels of nanoparticles can be varied easily during synthesis [3]. However, the power conversion efficiency and stability of hybrid solar cells are still lower than bulk-heterojunction organic solar cells. This may be attributed to the poor charge transport through the polymer-nanoparticle interface [3]. In this work, the operation mechanism of hybrid solar cells is studied explicitly. The rates of excitation, diffusion and dissociation of excitons are calculated and simultaneous formation and transport of free charge carriers are studied.




2. Operation Mechanism in Hybrid Solar Cells


In this section, the rates of exciton formation, diffusion and dissociation are studied using their corresponding interaction operators, transition matrix element and Fermi’s Golden rule for hybrid solar cells.



2.1. Excitation of Singlet and Triplet Excitons


Absorption of light of energy larger than or equal to the bandgap of the donor organic solid results in the production of excited electron (e) and hole (h) pairs. An electron is excited to the lowest unoccupied molecular orbital, (ELUMO), leaving a hole in the highest occupied molecular orbital, (EHOMO), which instantly form an exciton due to strong Coulomb interaction between e and h caused by the low dielectric constant (ε = 3–4) of organic solids. As the electronic intermolecular interaction is weak in organics, the formation of such excitons is usually of Frenkel type [4,14,15,16]. The rate of a photon absorption for a singlet excitation due to exciton-photon interaction,     R a S    , and triplet excitation due to exciton-spin-orbit-photon interaction,     R a T    , are derived using the transition matrix element and Fermi’s Golden rule and are given as [6]:


    R a S  =   4 k  e 2    (  E  L U M O   -  E  H O M O   )  3   a  x s  2    3  c 3   ε 1.5   ℏ 4      



(1)






   R a T  =   32  e 6   Z 2   k 2  ε (  E  L U M O   -  E   H O M O    )    c 7   ε o   μ x 4   a  x t  4     



(2)




where S denotes singlet and T triplet, k = (4πεo)−1 = 9 × 109, e = electronic charge, c = speed of light, ε = dielectric constant, ℏ = reduced Planck’s constant, Z = atomic number of heavy metal atom, εo is the vacuum permittivity and μx is the reduced mass of exciton. The excitonic Bohr radius for singlet and triplet excitons axs and axt, respectively, are given as [4]:


    a  x s   =    α 2      ( α − 1 )  2      μ ε    μ x     a o    



(3)






    a  x t   =   μ ε    μ x     a o    



(4)




where α is a material dependent constant representing the ratio of the magnitude of the Coulomb and exchange interactions between the electron and hole in an exciton, μx is the reduced mass of an exciton, ao = 5.29 × 10−11 m is the Bohr radius and μ is the reduced mass of electron in a hydrogen atom.




2.2. Exciton Diffusion to Organic-Inorganic Interface


After its formation, the exciton diffuses to the organic-inorganic interface. The two common exciton transfer mechanisms between the donor and acceptor materials are obtained through the Förster and Dexter transfer theories. They describe the transfer process of excitons as a function of the distance between the donor and acceptor materials [17]. Diffusion coefficient, D, can be determined for singlet and triplet excitons using the Förster and Dexter transfer, respectively, as [18]:


    D S  =      R f   6    6 τ   R  d a   4      



(5)






    D T  =    R d 2    6 τ   exp [   2  R d   L  ( 1 −    R  d a      R d    ) ]   



(6)




where Rf = Förster radius that determines the actual distance between the donor and acceptor, Rda = donor-acceptor separation distance and τ is the lifetime, L is the average length of a molecular orbital and Rd is the Dexter radius between donor and acceptor at which the efficiency of such transfer remains at 50% [17]. The diffusion length,     L D  =   D τ     , for singlet, and triplet excitons are obtained as [4]:


    L D S  =  1   6        R f  3      R  d a   2      



(7)






    L D T  =    R d     6    exp [    R d   L  ( 1 −    R  d a      R d    ) ]   



(8)








2.3. Exciton Dissociation at the Organic-Inorganic Interface


After diffusion to the interface, the Frenkel exciton must dissociate into free charge carriers. The mechanism of exciton dissociation has been proposed in our previous study [7] and occurs through two steps: (1) As the energy of acceptor’s conduction band energy level,     E  C B  A    , is lower than that of donor’s LUMO,     E  L U M O  D    , a Frenkel exciton relaxes to a charge transfer (CT) exciton state where electron gets transferred to the acceptor’s CB [19]. It is to be noted that the CT exciton is not yet dissociated because for dissociation it requires an external energy at least equal to the binding energy [20]. (2) This external energy comes from the excess vibrational energy released due to the formation of CT exciton. This excess vibrational energy, if adequate, may impact back to the CT exciton causing it to dissociate into free charge carriers. Free electrons, thus generated are drawn towards the cathode and holes towards the anode due to the potential energy difference caused by the difference in work function of the two electrodes [21,22].



The rate of exciton dissociation, Rd, for singlet and triplet excitons in hybrid OSCs is derived using the interaction operator between CT exciton and molecular vibration energy, transition matrix element and Fermi’s Golden rule and can be written as [7]:


    R d S  =   8  π 2    3  ℏ 3   ε 2   E B S       [  (  E  L U M O  D  -  E  C B  A  ) -  E B S   ]   2  ( ℏ  ω v  )  μ x   a  x s  2    



(9)






    R d T  =   8  π 2    3  ℏ 3   ε 2   E B T       [  (  E  L U M O  D  -  E  C B  A  ) -  E B T   ]   2  ( ℏ  ω v  )  μ x   a  x t  2    



(10)




where ωv is the phonon frequency and     E B S     and     E B T     are the singlet and triplet exciton binding energies, respectively, given as [4]:


    E B S  = −     ( α − 1 )  2   μ x   e 4   k 2     α 2  2  ℏ 2   ε 2      



(11)






   E ( S = 1 ) = −    μ x   e 4   k 2    2  ℏ 2   ε 2      



(12)







After exciton dissociation, the free electron is transported to cathode and hole to anode with the aid of the electric field generated due to the workfunction difference between the electrodes and a force, F, of [7]:


   F =      Φ  a     −    Φ c   r    



(13)




where     Φ  a        and     Φ c     are the work functions of the anode and cathode, respectively and r is the inter-electrode distance.





3. Results and Discussion


In this section, the various rates are calculated using Equations (1)–(8) for a hybrid solar cell of the following structure: PET/PEDOT:PSS/TFB/P3HT:SiNW/Ca where polyethylene terephthalate (PET) = the plastic substrate, PEDOT:PSS = anode, poly[9,9-dioctylfluorene-co-N-[4-(3-methylpropy1)]-diphenylamine] (TFB) = hole transport layer, polythiophene (P3HT) as donor: SiNW as acceptor and Calcium (Ca) = anode [9,23,24]. P3HT is a wide band gap polymer and is the most popular and studied donor material used in organic photovoltaics [25,26] and SiNWs ensure large donor-acceptor intefacial area with continous interpenetrating pathways for better charge transport to the electrodes [27]. The input parameters for calculations are as follows: axs = 4.35 nm and axt = 0.32 nm, Z = 77 for Iridium, ε = 7, μx = 1.99 × 10−26 kg,     E B S     = 0.06 eV,     E B T     = 0.76 eV [4], Rda = 0.05 nm, Rf = 8 nm, τ = 2230 ps [28], L = 0.11 nm, Rd = 1 nm [29]     E  L U M O   P 3 H T      = −3.03 eV,     E  C B   S i N W       = −4.00 eV [30]. Using the above design and parameters, the various rates are calculated as shown in Table 1. These rates depend on the above input parameters and therefore some uncertainty may be expected due to the uncertainties in the parameters themselves. It is not possible exactly to estimate variations in the input parameters however according to Equations (3), (4), (11) and (12), singlet and triplet Bohr radii and corresponding binding energies depend on the parameters α and μx which are estimated to be equal to 1.37 and 0.5 me, respectively [4]. The estimate of the effective mass of charge carriers in organic materials to be equal to the electronic rest mass me is regarded to be a good approximation as the HOMO and LUMO levels are electronic molecular states instead of energy bands. The parameter α is estimated from the measured value of the exchange energy ΔE = 0.7 eV [31] between singlet and triplet excitons, which is also a reasonable approximation. However, according to Equations (9) and (10), the rates of dissociation of excitons depend on the squires of both the exciton binding energy and exciton Bohr radius. This means that any uncertainty in these quantities may be expected to get squared in the rates.
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Table 1. Rates of excitation, diffusion and dissociation in PET/PEDOT:PSS/TFB/P3HT:SiNW/Ca hybrid solar cell.
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Mechanism

	
Parameter

	
Value






	
Excitation

	
    R a S    

	
1.27 × 1010 s−1




	
    R a T    

	
3.09 × 105 s−1




	
Diffusion

	
DS

	
1.99 cm2 s−1




	
DT

	
2.71 × 10−6 cm2·s−1




	
    L D S    

	
2.82 × 102 nm




	
    L D T    

	
1.17 nm




	
Dissociation

	
    R d S    

	
2.60 × 1017 s−1




	
    R d T    

	
2.98 × 1012 s−1




	
Charge transport

	
F

	
3.36 × 10−12 N









The energies of LUMO and HOMO of P3HT and that of CB of SiNW are taken from Ref. [30], where the choice is based on the following experimental conditions: The HOMO of P3HT should be positioned above the valence band (VB) of SiNW to inject holes into the hole transport layer and hence into the anode and at the same time it should also accept holes generated by light absorption in the SiNW. The LUMO of P3HT should be located above the CB of SiNW so that electron collection can occur efficiently at the silicon interface and electrons generated in the nanowires can be collected at the cathode [30].



According to Table 1, the rate of excitation of singlet excitons is four orders of magnitude greater than that of triplet excitons in P3HT:SiNW hybrid solar cell. This is because     R a S     is highly sensitive to the absorption energy, (ELUMO − EHOMO)3 while     R a T     is only linearly dependent on (ELUMO − EHOMO). The triplet excitation rate is facilitated by the incorporation of heavy metal atom, Iridium, due to enhanced exciton-spin-orbit-photon interaction which also flips the spin to singlet configuration to facilitate the absorption by spin conservation. At the same time, flipped spins to singlet configuration makes it easier to dissociate the exciton into free charge carriers due to their low binding energy [4].



After their formation, the exciton diffuses to the P3HT:SiNW interface. Due to the bulk nature of the hybrid solar cell, the heterojunction is distributed throughout the layer. This enables charge carrier generation everywhere within the active layer [32]. The singlet diffusion coefficient is about five orders of magnitude greater than the triplet, however, the lifetime of triplet is longer than singlet exciton. According to Table 1, the singlet diffusion length is two orders of magnitude greater than triplet exciton.



After successfully reaching the P3HT:SiNW interface, the Frenkel exciton relaxes to CT exciton and simultaneously dissociates into free charge carriers due to the excess vibrational energy released due to the offset i.e.,     E  L U M O   P 3 H T      −     E  C B   S i N W      = 0.80 eV [9]. At such offset, dissociation of both singlet and triplet excitons is ensured because it surpasses their binding energies, however, the singlet dissociation rate is five orders of magnitude faster than that of triplet. Both the dissociation rates are higher than the corresponding recombination rates which implies that the dissociation of an exciton may be faster than its non-radiative recombination, which enhances the performance of the hybrid solar cells [6,7].



The dissociated free electrons and holes are collected by the work function difference between the electrodes i.e.,     Φ  P E D O T · P S S   −    Φ  C a     = 2.10 eV, which creates a reasonably large built-in field for efficient transport and collection of holes at PEDOT:PSS and electrons at Ca. A force of 3.36 pN is available for charge transport as shown in Table 1. Also, in our previous study, we have optimzed the design of P3HT:SiNW hybrid solar cell using the semiconducting thin film optics simulation software and a power conversion efficiency of 4.70% was obtained [9]. This is an enhancement of >50% from its current experimental performance [33].



Loss mechanisms also occur due to the inefficient transfer of Frenkel exciton to P3HT:SiNW interface as the probability of an exciton created at a molecule to move to any one particular direction is 1/4π. If this molecule is next to the interface then the transfer should be multiplied by 1/4π. However, if this interface is a few molecules away from the excited molecule, the rate of transfer should be multiplied by 1/4π at each such molecular step. Thus, the probability that an exciton created n molecules away from the interface will reach the interface becomes (1/4π)n. As 4π ~ 10, the further the exciton is from the interface, much less is the probability that it will reach the interface to form a CT exciton. This basically means that every single step away from the interface will reduce the probability by at least one order of magnitude [7].



Also, the vibrational energy can be dissipated in any direction from the excited molecule. The probability that it will be transferred back to the CT exciton to dissociate it is only one of the possible directions of a solid angle. This means that the rate of dissociation reduces by a factor of (1/4π)2, which is nearly three orders of magnitude less than that obtained from Equations (6) and (7) and hence the dissociation time will be longer by three orders of magnitude.



Also, in our previous study, it has been found that considering the charge transport in P3HT:SiNW hybrid OSC, the electron mobility is much higher than the hole mobility, μe > μh i.e., electron will reach the Ca electrode much faster than the hole can reach PEDOT:PSS. This leads to hole accumulation within the bulk which may lead to non-radiative quenching of holes and a low free carrier collection efficiency is obtained. However, the results presented in this study may be expected to assist in understanding the operation and loss mechanisms in hybrid solar cells.




4. Conclusions


The operation mechanism in hybrid solar cells has been studied with respect to exciton formation, diffusion and dissociation. It is found that in a P3HT:SiNW hybrid solar cell, rates of singlet excitons, diffusion and dissociation are higher compared to those of triplet excitons. The diffusion length of singlet excitons is found to be higher than that of triplet excitons which can be attributed to the larger diffusion coefficient of singlet excitons than that of triplet excitons. The offset at the organic-inorganic interface ensures efficient dissociation of singlet and triplet excitons, however, the mismatch in electron and hole mobilities may affect the charge transport in P3HT:SiNW hybrid solar cells.
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