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Abstract

:

The influence of solvent additives on the temperature behavior of both charge carrier transport and recombination kinetics in bulk heterojunction solar cells has been investigated by electric noise spectroscopy. The observed differences in charge carrier lifetime and mobility are attributed to a different film ordering and donor-acceptor phase segregation in the blend. The measured temperature dependence indicates that bimolecular recombination is the dominant loss mechanism in the active layer, affecting the device performance. Blend devices prepared with a high-boiling-point solvent additive show a decreased recombination rate at the donor-acceptor interface as compared to the ones prepared with the reference solvent. A clear correlation between the device performance and the morphological properties is discussed in terms of the temperature dependence of the mobility-lifetime product.
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1. Introduction


Organic solar cells have found notable interest thanks to promising features such as low cost, flexibility, light weight, transparency, and large-area manufacturing compatibility [1]. The possibility to use a low-cost printing and roll-to-roll fabrication on flexible substrates represents, for the organic photovoltaics, a technological advancement for large scale applications. However, low power conversion efficiency and stability, when compared to inorganic technologies, still represent a limiting factor for the applicability of organic solar cells [1]. In this work, the donor-acceptor materials in bulk heterojunction-type (BHJ) devices is a blend of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). For such devices, power conversion efficiencies   η   of about 5% have been reported [2]. The use of different combinations of donor-acceptor materials based on low band gap polymers and fullerene derivatives leads to a value of   η   for the organic single junction solar cell higher than 10% [1]. Recently, thanks to the addition of Fe3O4 nanoparticles as dopant within the P3HT:PCBM, improved efficiency of 11% has been reached [3]. It is worth noting that for organic tandem devices,   η   values exceeding 12% have been already observed [4].



A close intermixing between donor and acceptor materials plays a key role to ensure a high rate of charge carriers and to lower the recombination rate between electrons and holes in the blend. The loss mechanisms are mainly related to recombination of the charge-separated excitons [5]. Since recombination and transport in the active layer are influenced by the film ordering [6], in order to improve the efficiency of the BHJ solar cell it is necessary to control the nanoscale morphology of the blend by nanostructuring.



In literature, several studies report the influence of the preparation conditions, such as deposition temperature and solvent additives, on the active layer morphology [7,8,9]. Different experimental techniques have been applied to investigate the carrier dynamics in the BHJ solar cell (e.g., the transient absorption spectroscopy and the method of time delayed collection field) [10,11]. These techniques give a direct analysis on the charge recombination mechanisms in the polymer:fullerene solar cell. However, they do not provide information on the carrier mobility and, therefore, on the charge transport, which are usually considered inefficient in low mobility materials, such as the P3HT:PCBM blend [12]. In the BHJ solar cell, the charge carrier recombination dynamics is often found to be bimolecular and is described by Langevin’s theory [13,14]. In this case, the recombination rate is proportional to the sum of the electron and hole mobilities. To date, there are only few techniques, such as the charge extraction with linearly increasing voltage measurements (CELIV) and the open circuit corrected charge carrier extraction (OTRACE), that are able to determine simultaneously the carrier mobility and lifetime in the solar cells [15]. It should be noted that the mobility-lifetime product    μ τ    gives a direct measurement of the correlation between recombination and the extraction of charges.



Low-frequency noise spectroscopy is a powerful and innovative tool for the analysis of electronic transport and recombination phenomena, widely used to perform a non-destructive testing of electronic devices. In order to compare the results from the noise analysis with the data reported in literature, the most widely investigated pair of P3HT:PCBM materials in BHJ devices has been considered as a reference system. The study of charge carrier fluctuations has contributed to detect: unconventional transport processes in mixed-valence manganites [16] and in oxide heterojunctions [17], nonequilibrium and degradation effects in iron-based superconductors [18], and temperature-dependent structural modifications in polymer/carbon nanotubes composites [19,20,21]. Moreover, noise investigation has been used to characterize defect states and phase-transitions in crystalline silicon-based and perovskite-based solar cells [22,23,24]. Additionally, noise analysis has also been recently used to determine the charge carrier transport and the degradation phenomena in polymer:fullerene solar cells [25,26].



In the present study voltage-noise analysis, combined with structural and photoelectric measurements, have been performed in polymer:fullerene photovoltaic devices prepared with solvent additives. A detailed discussion of the experimental results shows that the use of solvent additives increases the mesoscopic order and crystallinity within the active layer, and induces a clear improvement of the charge carrier transport. The temperature dependence of the mobility and carrier lifetime suggests that in P3HT:PCBM blends the Langevin-type bimolecular recombination loss represents one of the major device limiting factors for the efficient extraction of the charge carriers.




2. Electric Noise: General Concepts


Noise, or fluctuations, are spontaneous random variations of physical quantities in time or, more precisely, random deviations of these quantities from some mean values that are either constant or vary nonrandomly in time. Therefore, noise is a stochastic process and is described by a random function    x  ( t )    . The deviation of    x  ( t )     from its mean value    〈 x 〉    is the fluctuation    δ x  ( t )  = x  ( t )  − 〈 x 〉   . The kinetics of such a fluctuation, that is how    δ x  ( t )     evolves in time on average, can be analyzed through the correlation function.



In the theory of fluctuations, an important class of random processes is composed by Gaussian processes for which the correlation function establishes the correlation between the values of the random process at two different times     t 1     and     t 2    . This is commonly known as the autocorrelation function     Ψ x   (   t 1  ,  t 2   )    , depending only on the difference     t 1  −  t 2     in the case of stationary systems.



The autocorrelation is the main statistical function used to describe the basic properties of random data in the time domain. Similar information in the frequency domain can be obtained by the spectral density function     S x   ( f )    , which is the Fourier transform of the autocorrelation function. More in details, from the Wiener-Khintchine theorem, it follows that     S x   ( f )  =  Ψ x   ( ω )     and the integral of the spectral density over all positive frequencies is exactly the variance of the noise (i.e., the fluctuations amplitude).



The principal application for a power spectral density function measurement of physical data is to establish their frequency composition. This, in turn, bears important relationships to the basic characteristics of the physical system involved. The most common types of low-frequency noise in condensed matter systems are: (I) the Johnson or thermal noise, that is the electronic noise generated by the thermal agitation of the charge carriers (usually the electrons) inside an electrical conductor at equilibrium; (II) the shot noise, that is the electronic noise which can be modeled by a Poisson process and is originated from the discrete nature of electric charge; (III) the pink or    1 / f    noise, that is the electronic noise characterized by a frequency spectrum which is inversely proportional to the frequency of the signal; and (IV) the random telegraph noise, that is the electronic noise consisting of sudden step-like transitions between two or more discrete voltage or current levels. As a rule, in uniform conductors the spectral density of    1 / f    noise is proportional to the square of the mean voltage      V ¯   2      or the mean current      I ¯   2     . This direct proportionality has been verified many times on various conductors, and Hooge developed a qualitative rule by extrapolating a value of    2 ×   10   − 3      as the universal proportionality noise coefficient. However, this empirical Hooge relationship has not a general physical base and, especially in complex systems such as photovoltaic devices, can not be applied (see the experimental results shown in the following section for a direct confirmation). A detailed analysis of electric noise in condensed matter can be found in [27].




3. Results


3.1. Electrical Transport and Structural Properties


The current density-voltage (J-V) characteristics under illumination of the solar cells prepared with 1,2-dichlorobenzene (oDCB) reference solvent and oDCB with 1,2,3,4-tetrahydronaphthalene (oDCB+THN) mixture solvent are shown in Figure 1a. By considering the single diode model of the solar cell, the following parameters have been extracted for oDCB based devices: short circuit current density     J  S C   =  (  5.5 ± 0.3  )     mA·cm−2, open circuit voltage     V  O C   =  (  0.58 ± 0.03  )     V, fill factor    F F =  (  69 ± 3  )  %   , and a power conversion efficiency    η =  (  2.2 ± 0.1  )  %   . The same parameters for oDCB+THN are:     J  S C   =  (  7.4 ± 0.4  )     mA·cm−2,     V  O C   =  (  0.61 ± 0.03  )     V,    F F =  (  72 ± 3  )  %   , and    η =  (  3.3 ± 0.2  )    %. The increase of the   η   value for the device fabricated with the solvent mixture seems to be mainly due to the increase of the     J  S C     . Differences in the    F F    and     V  O C      are within the experimental errors. As can be observed, the oDCB+THN blend has a higher photocurrent, as compared to the blend prepared from pure oDCB. In Figure 1b the external quantum efficiency (EQE) spectrum for both solar cells is shown. In agreement with the J-V characteristics, the oDCB+THN blend shows a higher intensity of the EQE spectrum compared to the reference blend in the whole wavelength range. Here, the photocurrent density values evaluated from the integral of the EQE spectra are consistent with what estimated from the J-V characteristics. In particular, the resulting values of the     J  S C      are    5.5    mA·cm−2 and    7.5    mA·cm−2 for the oDCB and oDCB+THN solvent, respectively. Additionally, in the lowest EQE signal, which is related to the oDCB blend, a marked drop in the spectrum between    350    and    450    nm is observed. This behavior has been already reported in literature for the P3HT:PCBM blend when a poor ordering of the polymer is obtained during the film formation [28]. It should be noted that the use of the tetralin leads to an increase of the crystalline order in the nanoscale interpenetrating network for both the acceptor and donor components. The film ordering strongly influences the absorption spectra of the P3HT:PCBM layer. In particular, the shoulder located at    620    nm gives an indication of the P3HT crystallinity in the blend, for details see [8] and references therein. For the samples here investigated, the relative intensity of the shoulder at    620    nm appears to be more pronounced in the blend deposited from oDCB+THN [8]. This means that the use of THN additive leads to a better phase segregation of the polymer and fullerene materials in the active blend. This finding suggests that the solar cell performance is strongly related to the morphology of the active layer due to the solvent addition.



This hypothesis is also confirmed by atomic force microscopy (AFM) analysis. In Figure 2 the AFM images for the different blends are shown. The average RMS roughness is about    1.1    nm and    4.6    nm for the blend prepared from oDCB and oDCB+THN, respectively [8]. In literature several authors report the positive correlation between increased blend surface roughness and increased solar cell efficiency in bulk heterojunction solar cells [8,29,30,31]. This is a further evidence of the P3HT ordering in the active layer, which leads to improvements in the photocurrent and, therefore, also in the power conversion efficiency.




3.2. Noise Properties


The study of charge carrier fluctuation mechanisms is essentially based on the measurement of the voltage-spectral density     S V     generated by the device. In Figure 3 the frequency dependence of     S V     is shown for the solar cells fabricated with the reference oDCB solvent (black spectra) and with oDCB+THN (blue spectra). A similar behavior is observed at two different temperatures, as shown in Figure 3a (   T = 300    K) and in Figure 3b (   T = 320    K), for a fixed applied bias current     I  D C   = 20    μA and measured in dark conditions.



Two distinct noise components can be identified. The first is the flicker noise     S V  f l i c k e r     , which appears in the low-frequency region and is associated to electrical conductivity fluctuations [27]. The second one is the thermal noise     S V  t h e r m a l     , which characterizes the high-frequency region of the spectrum and depends on temperature fluctuations of the charge carriers interacting with the polymeric chains [27]. By modeling the electronic behavior of the cells with a simple RC circuit formed by the recombination resistance     R  r e c      and the chemical capacitance     C μ     of the active layer [32,33], it is possible to express     S V    . as [25]:


    S V   ( f )  =  S V  f l i c k e r   +  S V  t h e r m a l   =  K   f γ         (   R  r e c    I  D C    )   2    1 +    (   f   f x     )   2    + 4  k B  T  R  r e c     



(1)







In Equation (1),   K   is the amplitude of the flicker noise component,   γ   is an exponent close to unity,     f x     is a cut-off frequency at which a change from a    1 / f    to a    1 /  f 3     dependence of the voltage-noise spectrum is observed, and     k B     is the Boltzmann constant. A good agreement between the experimental voltage-spectral density and the model of Equation (1) is shown by the red dashed curves in Figure 3. The corresponding values of the fitting parameters at    T = 300    K are:    K =  (  8.5 ± 0.6  )  ×   10   − 11     ,     f x  =  (  199 ± 6  )     Hz, and    γ =  (  1.00 ± 0.02  )     for the trace 1; while:    K =  (  1.4 ± 0.1  )  ×   10   − 9     ,     f x  =  (  133 ± 4  )     Hz, and    γ =  (  1.00 ± 0.02  )     for the trace 2. The cut-off frequency shifts to lower frequencies and the value of   K   increases when the THN solvent is added to the solution. It is worth noting that when increasing the temperature, the noise amplitude remains almost constant whereas the cut-off frequency shifts to higher frequencies.



The best fitting values of the parameter     f x     can be used to estimate the effective carrier lifetime as:


   τ =    (  2 π  f x   )    − 1   =    (  2 π  R  r e c    C μ   )    − 1     



(2)







By defining the recombination resistance of electrons and holes as     R  r e c   =  (  d  V F  / d  I  D C    )     [34], from Equation (2) it is straightforward to compute the lifetime dependence on the forward bias voltage     V F    , that is the dc voltage without the contribution of the device series resistance [35]. The experimental values for   τ   are shown in Figure 4 at different temperatures between    300    and    330    K and for the two types of solar cells investigated (oDCB solvent in pink region and oDCB+THN solvent in blue region). As clearly evident in Figure 4, the use of the THN as solvent leads to an increase of   τ  . Indeed, at    300    K the observed effective lifetime ranges between    1.2    and    0.6    ms for the blend fabricated with the solvent mixture oDCB+THN. On the other hand, the devices prepared by using the reference solvent show lower values of   τ  , ranging between    0.8    and    0.2    ms. In literature are reported similar values of the charge carrier lifetimes, measured with alternative experimental techniques such as impedance spectroscopy and photo-induced absorption [36,37]. Additionally, a decrease of   τ   with an increase of the bias voltage, corresponding to an increase of the charge carriers stored within the organic device, has been observed at all the investigated temperatures and for both types of used solvents. This suggests that the recombination dynamics of the blend seems to be bimolecular, as the effective lifetime   τ   depends on the charge carrier concentration   n   [15]. The lower values obtained for the device fabricated with the reference solvent (full symbols in Figure 4) indicate a strong recombination in the blend. Conversely, higher values of   τ  , as observed for the device prepared with the addition of THN (open symbols in Figure 4), are indicative for a more efficient charge carrier transport in the active layer. It seems that the solvent mixture leads to a reduced charge carrier recombination rate, thus leading to an increase of the carrier lifetime. This is in good agreement with the measurements on the electrical transport and the structural properties shown in Figure 1 and Figure 2. It is worth noting that for both the investigated devices, the carrier lifetime decreases with increasing temperature. This is a further evidence that the dominant recombination losses within the device could be Langevin-type bimolecular recombination [13].





4. Discussion


In order to investigate the influence of the solvent on the film ordering in the blend and hence on the charge carrier transport, an evaluation of the carrier mobility from voltage-noise measurements has been made. As reported in literature, the mobility can be computed from the amplitude of flicker and thermal noise components as [38]:


   μ =    k B  T   e τ  E 2      ∫    f  m i n      f  m a x        S V  f l i c k e r    ( f )     S V  t h e r m a l     d f   



(3)




where   e   is the elementary charge,   τ   is the carrier lifetime as defined in Equation (2),    E =  V F  / t    is the applied electric field (being   t   the active layer thickness), and     [   f  m i n   ,  f  m a x    ]     is the experimental frequency bandwidth. The values obtained from Equation (3) are shown in Figure 5. At all temperatures, a clear reduction of   μ   is evident for the cells with the oDCB+THN solvent (open symbols in blue region) upon respect to the reference solvent oDCB (full symbols in pink region). From this analysis, it is not possible to distinguish between electron and hole transport. However, it is well-known that in P3HT:PCBM blends the electron mobility is usually higher than the hole mobility [39,40]. Therefore, the experimental data of Figure 5 can be attributed to the electrons in the blends. The observed increase of   μ   with temperature and its bias dependence suggest that the dominant carrier transport mechanism is a thermally assisted hopping process between localized charge transport sites [13]. This conduction mechanism has been already found in diodes, field effect transistors, and in solar cells based on organic and inorganic disordered materials such as perovskites, small molecules and conjugated polymers [41,42,43,44,45].



Figure 5 also shows an exponential dependence of   μ   on     E  1 / 2     , that can be interpreted in terms of the Poole-Frenkel model as [46]:


   μ =  μ 0  e x p  [     e  3 / 2     2  k B       (   E  π  ε 0   ε r     )    1 / 2    1   T  e f f      ]    



(4)







In Equation (4),     ε 0     is the vacuum permittivity,     ε r  ≈ 3    is the relative dielectric constant for P3HT:PCBM [36],     μ 0     is the zero-field mobility, and     T  e f f   − 1   =  T  − 1   −  T  G i l l   − 1      is related to the Gill temperature at which the mobility is independent of the electric field. The best fitting curves, obtained from Equation (4) with     μ 0     and     T  e f f      as free fitting parameters, are shown in Figure 5 as solid lines. A good agreement between the model and the experimental data is clearly evident, thus confirming the validity of the theoretical framework of Equation (4) in describing the electric transport of organic devices [45,47]. In particular, the carrier transport within the blend occurs by pathways along nearest sites, located on the polymer and fullerene phases for the holes and electrons, respectively, by overcoming an energetic barrier. An accurate estimation of the average value of the hopping barrier for the electrons can be performed by taking into account the Gill energy defined as     E  G i l l   =  k B   T  G i l l      [26]. The temperature dependencies of     μ 0     and of     E  G i l l      are reported in Figure 6 and are related to thermal activated processes within the active layer [26]. As visible in Figure 6, the use of the solvent mixture during the deposition phase produces a negligible change of     E  G i l l     , of less than 3%. More in details, the estimated room temperature value of     E  G i l l      is     (  54 ± 1  )     meV and     (  56 ± 1  )     meV for the reference and for the oDCB+THN solvent, respectively. These values are consistent with those reported in literature for BHJ solar cells, characterized by the formation of a neat P3HT layer under the cathode during thermally induced aging [26].



The zero-field mobility (left y-axis in Figure 6), obtained by noise measurements at    300    K of oDCB based devices, is     μ 0  =  (  22 ± 1  )  ×   10   − 6        cm2·V−1·s−1 and is in good agreement with the value measured by using charge extraction with linearly increasing voltage measurements in similar samples [8]. On the other hand, the zero-field mobility for the device prepared by using oDCB+THN solvent is     μ 0  =  (  2.4 ± 0.1  )  ×   10   − 6      cm2·V−1·s−1, lower than what found by using oDCB as solvent. This is consistent with the observed increased mesoscopic ordering in the blend. As already reported in literature, the blend casted from a high-boiling-point solvent, as the oDCB+THN, has a higher polymer crystallinity in the active layer as compared to the blend prepared with a low-boiling-point solvent, as the oDCB [8,48]. Indeed, the increase of the film ordering induces a vertical phase separation between polymer and fullerene materials which causes a diffusion out of the PCBM material within the blend [49]. The formation of a polymer rich phase reduces the charge carrier transfer and, therefore, also the zero-field electron mobility decreases for the blend prepared with the mixture solvent. However, it is worth noting that the device prepared by using the oDCB+THN solvent shows a higher photocurrent value and, as a consequence, a higher conversion efficiency as compared to the solar cell fabricated with the reference solvent only. In polymer:fullerene solar cells, the photocurrent is due to the light absorption in the active layer with the subsequent generation of excitons. The use of THN influences the phase segregation within the blend with a negligible effect on the optical properties. It has already been verified that for the thicknesses of the blends investigated in this study (   115    nm for oDCB and    130    nm for oDCB+THN) only a minimal difference in the short circuit current density is obtained [8]. Therefore, the difference in the     J  S C      values can be fundamentally related to the recombination and transport mechanisms in the solar cell.



4.1. Solvent Influence on the Charge Carrier Recombination Process


In semiconductor materials the charge carrier recombination process in the bulk is well described by the Langevin theory [14]. The associated recombination rate can be expressed by     R L  = β  (  n p −  n i 2   )    , where   n   and   p   are electron and hole concentrations, respectively, and     n i     is the intrinsic carrier concentration. The Langevin recombination factor is defined as:


   β =  e   ε r   ε 0     (   μ n  +  μ h   )    



(5)




where   e   is the elementary charge,     ε r   ε 0     the effective dielectric constant of the ambipolar semiconductor, and     μ n     and     μ h     are the electron and hole mobilities. By assuming that the recombination processes at the metal electrodes are negligible and by considering that the holes are solely transported in the donor polymer phase and electrons through the fullerene acceptor, a bimolecular recombination can only take place at the heterojunction. Since     μ n  ≫  μ h    , Equation (5) can be written as    β ≈  e   ε r   ε 0    μ   , where    μ ≈  μ n     is the higher carrier mobility value (the electron one, shown in Figure 5). At room temperature,    β =  (  17.6 ± 0.4  )  ×   10   − 9      cm3·s−1 and    β =  (  4.3 ± 0.1  )  ×   10   − 9      cm3·s−1 can be computed for the oDCB and oDCB+THN solvent, respectively. These values are in good agreement with typical recombination factors reported in literature for various organic solar cells [12,50]. As already evidenced, the use of THN reduces the recombination rate at the hetero-interface between the donor and the acceptor phases, leading to an increase of the carrier lifetime. Conversely, for the reference solvent a higher mobility increases the probability of finding the opposite charge carrier, thus enhancing the charge recombination. This finding is fully consistent with the assumption that the bimolecular recombination loss is one of the major device efficiency limiting factors in the P3HT:PCBM blend prepared with different solvents. The decrease of   τ   values as a function of the temperature is expected by the Langevin theory, because lower temperatures reduce the carrier mobility and, consequently, the recombination rate     R L     of the carriers is lowered [13].




4.2. Solvent Influence on the Charge Carrier Extraction


In order to evaluate the charge carrier extraction from the investigated devices, the mobility-lifetime product    μ τ    has been calculated and analyzed as a function of the bias current injection level. This figure of merit gives a direct information about the competition between the charge carrier transport and the recombination mechanisms in the active layer. Both processes have a large impact on the voltage bias dependence of the photocurrent and hence on the efficiency of the solar cell [15]. As evident in Figure 5, the charge mobility is directly proportional to the temperature for both the used solvents. On the contrary, Figure 4 shows that the charge carrier lifetime is inversely proportional to the temperature. According to the Langevin-type bimolecular recombination theory,    μ τ    should be independent of the temperature [13].



In Figure 7, the values of    μ τ   , measured between    300    and    330    K, for different bias currents, and in dark condition, are reported as Arrhenius plots for the reference and the mixture solvents. As can be observed in Figure 7a for the reference solvent, the    μ τ    product (at low current injection levels, that is    20    μA and    30    μA) shows a temperature-independent value of about    15 ×   10   − 6        cm2·V−1, consistent with that reported in literature [15]. By increasing the current, the charge amount   n  , accumulated in the device, increases and the mobility-lifetime product becomes temperature dependent. In particular, with a bias current of    50    μA, corresponding to a charge density of      10   16        cm−3 within the active layer, the    μ τ    parameter decreases of one order of magnitude reaching a value of about      10   − 6        cm2·V−1. This suggests that the charge extraction process is less efficient for the device prepared with the reference solvent. This is also supported by the lower value of     J  S C      observed for this device (Figure 1a). The existence of additional recombination pathways at the heterojunction between the donor and the acceptor materials leads to an increase of the carrier recombination dynamics. In literature several studies report that the recombination dynamics at the hetero-interface can be influenced by the presence of the charge accumulation and energetic disorder [14,51].



On the other hand, the active layer prepared by using THN as additive shows an approximately temperature-independent behavior of the    μ τ    product with an average value of about    20 ×   10   − 6      cm2·V−1 (similar to that observed for the oDCB) in the whole investigated current range. The reduction in carrier mobility results in a longer carrier lifetime, as expected in Langevin-type bimolecular recombination, where the recombination rate     R L     is determined by the charge velocity (i.e., the mobility). This result is consistent with the assumption that the use of the high-boiling-point additive affects positively the morphology thereby increasing the mesoscopic ordering in the donor and acceptor phases. This leads to a reduction of the recombination, as evidenced by enhanced phase segregation in the blends prepared with mixed solvents.





5. Materials and Methods


To prepare the active layers, 1,2-dichlorobenzene (oDCB, boiling-point    180    °C) was used as the host solvent, whereas 1,2,3,4-tetrahydronaphthalene (THN, boiling-point    207    °C) was the additive (   10   % of the entire volume). Solutions containing only the host solvent oDCB were used to prepare the reference samples. Since the solubility of P3HT and PCBM in the two solvents is slightly different [52], one expects an effect on the ordering of the blend films. P3HT (supplied from Merck Chemicals ltd) and PCBM (purchased from Solenne BV) were dissolved in oDCB or in oDCB+THN in a 1:1 ratio in weight and stirred at    70    °C overnight before use [8]. The whole sample preparation took place in a nitrogen filled glovebox. Indium tin oxide (ITO) coated glass substrates (from PGO) were used as the anode. The substrates were patterned, cleaned in isopropyl alcohol, and exposed to an oxygen plasma. A layer of poly(3,4-ethylenedioxythiopene) (PEDOT):poly(styrenesulfonate) (PSS) (Clevios P VP Al 4083 from H.C. Starck) was then spun on top of the ITO and dried for    10    min at    180    °C. The active layer was spun on top of the PEDOT:PSS layer and annealed for    10    min at    150    °C. The film thicknesses were determined using a Veeco Dektak 6M Profilmeter, resulting in values of    115    nm for oDCB and    130    nm for oDCB+THN. The thickness of the PEDOT:PSS layer was about    60    nm. The cathode was deposited by thermal evaporation of Ca and Al. The active area of the devices was    0.5    cm2. The investigated device structure with the following layer sequence glass/ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al is shown in Figure 8.



Atomic force microscopy (AFM) analyses were performed in a UHV-STM/AFM from Omicron with a pressure below    5 ×   10   − 10      mbar to avoid the effects of oxygen and humidity on the surface of the sample. Measurements were realized using a controller from Nanonis. Pt/Ir cantilevers from the company Nanosensors were calibrated before each measurement using a gold single crystal with 111-orientation as a reference [8].



To record the J-V characteristics, the devices were illuminated with a KH Steuernagel solar simulator providing the standard reference spectrum AM1.5 G. A reference silicon solar cell provided by Fraunhofer ISE (Freiburg, Germany) was used for the calibration. EQE was measured with a Xe–Hg tandem lamp using a 2 grating monochromator. A calibrated silicon photodector was used to monitor the incident photon flux. The photocurrent of the device was recorded by means of a lock-in amplifier.



The temperature-dependent noise investigations were carried out by using a thermoelectric cooler Peltier-type device, with an operating range from    280    to    340    K. A LM35 sensor in contact with the sample holder was used to measure the temperature, whose stabilization, better than   1   K, was realized through a computer-controlled feedback loop. The solar cells were biased with a low-noise Keithley dc current source. The output ac voltage signal was amplified with a low-noise Signal Recovery 5113 preamplifier and, subsequently, was analyzed with a dynamic signal analyzer HP35670A. Unwanted contact noise contributions were removed by resorting to a specific procedure, based on a sequence of two- and four-probe measurements. This technique systematically minimizes the electrical noise due to external spurious sources, while leaving unaltered the instrumental background noise level of    1.4 ×   10   − 17      V2/Hz [53].




6. Conclusions


The influence of the solvent additives on the performance of polymer:fullerene solar cells has been investigated by using temperature-dependent fluctuation spectroscopy under dark conditions. The increase of the measured external quantum efficiency signal for the device prepared with the solvent additive is due to an increase of the polymer ordering within the blend. This leads to an increase of the short circuit current and, as a consequence, of the power conversion efficiency. Such a result is also confirmed by the surface analysis performed by using atomic force microscopy measurements, that indicate a connection between an increase of the device performance and the increase of the surface roughness. The observed temperature dependencies of the charge carrier lifetime and mobility suggest that the recombination kinetics, occurring within the blend, is bimolecular and follows the Langevin theory. In particular, the carrier lifetime shows a temperature-induced reduction, while the carrier mobility increases with increasing temperature, generating an evident enhancement of the carrier recombination rate. In this respect, the use of a high-boiling-point solvent (such as THN) reduces the recombination rate at the donor-acceptor interface and this leads to an increase of the carrier lifetime in the films. On the other hand, samples prepared with the reference solvent (oDCB) present higher mobility, which seems to affect the charge recombination process.



According to the Langevin theory, devices characterized with a well-ordered blend structure show temperature-independent mobility-lifetime products and, consequently, a more efficient carrier extraction process. Conversely, blends prepared with a less-ordered active layer are characterized by an increased recombination rate at the donor-acceptor interface (essentially due to the charge accumulation and energetic disorder), which leads to a decrease of the mobility-lifetime products.
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Figure 1. (a) Illuminated current density-voltage characteristics of solar cells with active layers prepared using the solvents oDCB (black line) and oDCB+THN (blue line); (b) External quantum efficiency (EQE) characteristics of solar cells with blends using the solvents oDCB (black line) and oDCB+THN (blue line). 






Figure 1. (a) Illuminated current density-voltage characteristics of solar cells with active layers prepared using the solvents oDCB (black line) and oDCB+THN (blue line); (b) External quantum efficiency (EQE) characteristics of solar cells with blends using the solvents oDCB (black line) and oDCB+THN (blue line).



[image: Energies 10 01490 g001]







[image: Energies 10 01490 g002 550] 





Figure 2. Atomic force microscopy images of the blends prepared using the solvents oDCB (a) and oDCB+THN (b). 
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Figure 3. Low-frequency voltage-noise spectra of a device fabricated with oDCB as solvent, curves 1, and of a device fabricated with oDCB+THN as solvent, curves 2. Experimental data are measured in dark conditions at different temperatures: (a)    T = 300    K; (b)    T = 320    K. The dashed curves are the best fit obtained by using Equation (1). 






Figure 3. Low-frequency voltage-noise spectra of a device fabricated with oDCB as solvent, curves 1, and of a device fabricated with oDCB+THN as solvent, curves 2. Experimental data are measured in dark conditions at different temperatures: (a)    T = 300    K; (b)    T = 320    K. The dashed curves are the best fit obtained by using Equation (1).



[image: Energies 10 01490 g003]







[image: Energies 10 01490 g004 550] 





Figure 4. Effective carrier lifetime dependence on the forward voltage, at temperatures between    300    and    330    K. The experimental data are directly extracted by noise measurements. Full symbols refer to the oDCB solvent (pink region), while open symbols refer to the oDCB+THN solvent (blue region). 
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Figure 5. Electron mobility dependence, obtained by noise analysis, on the square root of the applied electric field. The best fitting curves (solid lines) are derived from the Poole-Frenkel model of Equation (4), both for the oDCB solvent (full symbols) and the oDCB+THN solvent (open symbols). 
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Figure 6. Temperature dependence of the zero-field mobility (left y-axis) and of the Gill energy (right y-axis). Full and open symbols correspond to oDCB and oDCB+THN solvent, respectively. 
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Figure 7. Temperature dependence of the mobility-lifetime products for the blend prepared by using: (a) oDCB reference solvent; (b) oDCB+THN solvent. 
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Figure 8. Sketch of the investigated polymer:fullerene solar cells. Sixteen devices have been fabricated and analyzed for each solvent-type. 
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