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Abstract

In donor: acceptor bulk heterojunction organic solar cells, the chemical miscibility between different components and phase evolution dynamics within thin films often induce phase segregation and molecular aggregation/orientation, both of which are film-depth-dependent. This leads to strong variations of molecular energy levels, photon absorption, exciton generation, charge transfer and transport along film-depth direction. However, currently there is a lack of comprehensive investigation of film-depth-dependent optical and electronic variations on the photovoltaic performance. In this work, using the recently developed film-depth-dependent light absorption spectroscopy which simultaneously reveals vertical optical and electronic variations, we correlate the performance of organic solar cells with film-depth-dependent profiles of photon absorption and charge transport energy levels, which is subsequently compared with experimentally observed open circuit voltage, short circuit current, and efficiency. Because both light interference and vertical material variations contribute to film-depth-dependent exciton generation profiles, the local gradient of transport energy levels which provides extra built-in electric force could accelerate dissociation of excitons and transport of free charges to avoid recombination, leading to high photovoltaic performance. We therefore propose a new method to improve the photovoltaic performance by simultaneously tuning the film-depth-dependent optical and electronic distributions.

1. Introduction

Bulk heterojunction (BHJ) organic solar cells are of wide interest due to their flexibility and solution-processibility. The power conversion efficiency of state-of-the-art organic solar cells is over 17%, approaching the requirements for commercial applications.
 ADDIN EN.CITE 
[1-2]
 Such bulk heterojunction photovoltaic films are typically composed of a p-type donor and a n-type acceptor, both of which are usually semicrystalline or amorphous and have appropriate band gap to simultaneously warrant sufficient light absorption and effective charge transfer.3[]
 However, this morphological feature implies that the localized electronic states are energetically dispersed, among which charge transfer and charge hopping occur. Also it implies the energetic disorder does have a significant impact on open-circuit voltages, fill factors and even short-circuit currents of the photovoltaic devices.4-5


[ ADDIN EN.CITE ]
 On the other hand, being different from inorganic photovoltaic films, donor: acceptor BHJ thin films are usually featured with vertical phase segregation and film-depth-dependent molecular aggregation/orientation, leading to strong variations of photon absorption, exciton generation, charge transfer and transport along film-depth direction.6-9


[ ADDIN EN.CITE ]
 The BHJ photovoltaic device is actually a multilayer structure comprising of electrodes, charge transport layers and an organic semiconductor layer. Therefore, under light illumination, optical interference among these layers yields an inhomogeneous distribution of light electric field within the semiconductor layer, even for morphologically homogenous films. For real BHJ films which have film-depth-dependent optical variation induced by vertical material evolution, the light interference within the device contributes to a more complex optical distribution.10-12


[ ADDIN EN.CITE ]
 Besides, in terms of electronic variation, the energy distribution of localized states for charge transport along vertical direction between anode and cathode is also not uniform, and thus the energetic disorder is film-depth dependent. The charge hopping among such energetically and spatially distributed localized states eventually contributes to the photocurrent of the solar cells. To date, little is known about the correlation between photovoltaic performance and vertical distribution of optical/electronic properties, the latter of which determines film-depth-dependent exciton generation, charge transfer and transport.

Recently, film-depth-dependent light absorption spectroscopy was developed by us to investigate the film-depth-dependent composition distribution and light harvesting behavior.11


[ ADDIN EN.CITE , 13]
 Indeed, the heterojunction films prepared from solution are typically far away from uniform films in terms of vertical optical properties. Moreover, film-depth-dependent light absorption spectroscopy is according to excitation from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) levels at different film-depth, and it provides direct evidences for the film-depth-dependent distribution of HOMO/LUMO levels and film-depth-dependent energetic disorder of localized electronic states.14[]
 Furthermore, charge distribution within the device during photovoltaic process, which could influence the electric potential along film-depth direction, also depends on vertical electronic properties. Taking these considerations into account, in this work, we numerically investigate the correlation between the performance of organic solar cells and film-depth-dependent optical/electronic variations, which was subsequently compared with film-depth-dependent light absorption spectra and measured photovoltaic performance. We find that, because both light interference and vertical material variations contribute to film-depth-dependent exciton generation profiles, the local gradient of transport energy levels which provides extra built-in electric force could accelerate dissociation of excitons and transport of free charges to avoid recombination, leading to high photovoltaic performance. We therefore propose a new method to improve the photovoltaic performance by simultaneously tuning the film-depth-dependent optical and electronic distributions.
2. Results and Discussion

2.1 Numerical results

BHJ film is a bi-continuous interpenetrating network formed by donor and acceptor components which mix together in nanometer scale. Two components have phase separation and they self-assemble in the length scale of 10-20 nm to prevent the carrier recombination. Ideally, each of the components is fully percolated in order to give a continuous path for carriers to reach the electrodes.3[]

The LUMO (HOMO) level of the donor is higher than that of the acceptor so the interface of the two materials functions as a dissociation site for the excitons to make the carrier separation possible. Actually, the photogenerated exciton is a pair of bounded hole and electron, connecting with each other tightly but transport discretely on the LUMO and HOMO levels which have certain distributions.15[]
 In the interface the electron will “drop” from the LUMO of donor to the LUMO of acceptor and the hole will “hop” from the HOMO of acceptor to the HOMO of donor, thus accomplishing the process of exciton separation.16[]
 Given that only two of the levels are involved in the whole carrier transport process after exciton dissociation, the LUMO of the acceptor and the HOMO of the donor are used to express the whole heterojunction material energy band and these two levels are exactly the “path” that the carriers transport on, as shown in Figure 1.

To analyze a BHJ solar cell structure which is a typical example of semiconductor device under various operating conditions, a theoretical model is available elsewhere.17-21


[ ADDIN EN.CITE ]
 In our work, some formulas are modified and some conceptions are put forward. The traditional Langevin recombination rate formula is modified for its inconformity with true situations.
 ADDIN EN.CITE 
[22-25]
 For the same reason, the density term and the concept of quasi-electric field is introduced into Poole-Frenkel mobility formula to better describe the carrier behaviors.
 ADDIN EN.CITE 
[26-28]
 The generation rate which is related to incident light closely, unlike the general assumption as a uniform alongside the depth direction, is given by sub-layer spectrum analysis we developed in previous work,11[]
 and the spectrum also gives the information of film-depth-dependent band structure. As for the boundary conditions, the device is described by using the metal-insulator-metal structure, so the ohmic contact and relevant boundary conditions are applied.29[]

The basic equations include Poisson’s equation,
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where [image: image2.wmf]f

 is electric potential, q is elementary charge, [image: image3.wmf]e

 is dielectric constant, while n and p refer to electron and hole density, respectively. Then comes the current continuity equations
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where R is the recombination rate and G is the generation rate. Jn,p represents electron and hole current density respectively. Current continuity equations describe the current intensity distribution in space. From them, the result [image: image5.wmf](
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 can be deduced, which guarantees the total current density is a constant anywhere in the film. The next drift-diffusion equation is used to connect Poisson’s equation and current continuity equations above,
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(3)

where [image: image7.wmf]n,p

m

 is the carrier mobility and [image: image8.wmf]n,p

D

 is the carrier diffusion coefficient of electrons and holes respectively. From the discussion above, in the equilibrium state, the total current density J is position-independent. The generalized electric field are as follow
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where Ec and Ev are the energy level values of LUMO and HOMO relative to the value of vacuum level respectively. Generally, the intensity of an electric field is defined as the negative gradient of the electric potential, i.e. the [image: image10.wmf]f

 in Poisson’s equation. However, for a semiconductor whose bandgap is variable along film-depth direction as shown in Figure 1, a quasi-electric field (QEF) can be introduced to denote the influence of the band variation on electrical properties.
 ADDIN EN.CITE 
[30-32]
 The band variation actually will cause the potential gradient in a sense by definition [image: image11.wmf](
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. These differential values are defined as QEF and they independently couple with the electric potential gradient [image: image13.wmf](
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 and their values are proportional to the gradient of the tangent line of the edge of bandgap. Considering the QEF alone, the electron will drift to the direction where the differential value is larger at one point in conduction band while the behavior of hole is the opposite. Furthermore, in the semiconductor whose band is symmetrical, the QEF in valence band and in conduction band are the opposite and one of them can be offset by another, which indicates the two QEFs don’t influence the overall electric field distribution but make a difference in valence and conduction band respectively. It is the difference of QEF that makes the behavior of electrons and holes so different. Lastly, we define the generalized electric field as the sum of two electric fields intensity [image: image14.wmf](
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To solve the basic equations above, some parameters and conceptions should be clarified. The modified Poole-Frenkel mobility model is used in this case
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(5)

where [image: image17.wmf]n,p

m

 is the field-enhanced mobility; 
[image: image18.wmf]00

n,p

m

 is the intrinsic carrier mobility for electrons and holes.
 ADDIN EN.CITE 
[33-35]
 [image: image19.wmf]b

 is the Poole-Frenkel constant. In the modified Poole-Frenkel relationship, the density of carrier is introduced and the mobility is density dependent.27-28[]
 This equation describes the relationship between the electron (hole) mobility and the total electric field intensity. Since the difference of QEF, the total electric field differs at the same location in space, thus causing the difference between electron and hole mobility. And this difference in mobility, reflecting the velocity difference, will definitely bring about charge accumulation and depletion in space and ultimately affect the performance of solar cells. Other than that, the recombination of free carriers is an indispensable process in solar cells, the rate of which can be described by [image: image20.wmf](
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here ni is intrinsic carrier density; kB is Boltzmann’s constant; 
[image: image22.wmf]pre

g

is the correction factor. T is the absolute temperature and the bandgap [image: image23.wmf](
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. Nc is the efficient density of states of the conduction band. Since the value either in conduction band or in valence band is approximately equal and the two values don’t change in different position, we only use [image: image24.wmf]c

N

 for both bands for simplicity. The Einstein relation is used to establish the relationship between carrier mobility and carrier diffusion coefficient in non-degenerate situation
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where [image: image26.wmf]n,p

D

 is the carrier diffusion coefficient as a function of the location x. The Boundary conditions for the equation read,
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Here, as we mean to study the properties within the solar cell rather than the interface effect, it is reasonable to use ohmic contact to obtain the best output effect. When an ohmic contact is applied, the concentration of carriers on both sides of the film should be equal to the carrier density of the metal electrode. Similarly, the electric potential is the same as the metal’s work function, which indicates there are no barriers on both interfaces.

The value of parameters is listed in Table 1.
Table 1. Parameters used in simulations

	Parameter
	Symbol
	Numerical value

	Intrinsic electron mobility
	[image: image28.wmf]n0

m


	8[image: image29.wmf]´

10-5 cm2V-1s-1

	Intrinsic hole mobility
	[image: image30.wmf]p0

m


	8[image: image31.wmf]´

10-5 cm2V-1s-1

	Efficient density of states
	[image: image32.wmf]c

N


	2.5[image: image33.wmf]´

1019 cm-3

	Dielectric constant
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	3.1[image: image35.wmf]´

10-11 F/m

	Poole-Frenkel constant
	[image: image36.wmf]b


	3.05[image: image37.wmf]´

10-8 C/N


The influence of the different generation rate G and the different space position in the film are two crucial parameters for free carrier generation and is discussed in detail as follow. All the following results are based on the energy band structure shown in Figure 2(a).

The J-V curve of different generation rate is depicted in Figure 2(b), showing the variation trend of both open-circuit voltage and short-circuit current under the circumstances from small generation rate to large ones. On the premise that the quantum efficiency is a constant, the generation rate is actually a measure of incident light intensity. In the later discussion, the generation rate is directly related to the incident light intensity. Higher incident light intensity yields higher short circuit current and open circuit voltage, and the open circuit voltage gradually reaches a saturated value. Compared with the large short current variation range, the variation of open circuit voltage is not so obvious. Considering the energy diagram, for every single J-V curve, at V = 0 V, due to the regulation of fermi level equilibrium, two quasi-fermi levels should coincide to a single line (i.e. the true fermi level) companied by an inclined band structure. Once the photon is absorbed to generate charges, the newly born free carriers will drift to different electrodes pushed by build-in electric field as a result to counterweigh it. When the generation rate is small, there is not enough free carriers to offer a large short circuit current or counterweigh a large applied voltage, so both the Isc and Voc are small and show a similar property as diode does. As G goes up, both of them increases.

The influence of different integral area of G (light intensity) is simulated and the result is shown as Figure 3(a). It is apparent the larger the integral area, the more possible to generate free carriers and the larger short circuit current. Despite the slowly increased recombination rate as G grows [Figure 3(b)], the large population of newly born free carriers are the dominant factor and these carriers form the drift current to enhance the Isc.

However, apart from the intensity of G, the distribution of G also influences the performance of solar cell. We assume two kinds of typical generation rate distribution: bilateral distribution (red line) and central distribution (black line), which have different peak position but the same integral area. The simulation result is depicted in Figure 3(c), showing the Isc of central distribution is litter larger than that of bilateral distribution. Given the same integral area of G and the assumption that equal exciton induces equal free carriers, it is obvious the reason of the difference lies on the position of distribution. From the recombination rate [Figure 3(d)], it is shown that the average value of R in the condition of central distribution is lower than the other one. In the central distribution, large quantity of free carriers generates with a moderate recombination and pushed by built-in electric field to the sides where the recombination there is still moderate, thus offering enough time for electrodes to gather carriers and form the terminal current. To the contrast, in the bilateral distribution, although a rather low recombination rate region in the middle, the generation rate there is also at a low level and hence no large quantity of newly born free carriers there. Actually, newly-generated free carries enrich at both sides of the device but companied by a high recombination rate so they are more likely to recombine and have a shorter time for electrodes to gather, thus result in a smaller Isc.

To analyze the effect of different band variations on behavior of solar cells, here some results of different kinds of band structure is studied. Figure 4(a) shows the sketch maps of six representative band structure and Figure 4(b) is the J-V curve for these six band structures respectively. All the six band structures share the same anode potential as -4.5 eV (the red dashed line) and cathode potential as -3.5 eV (the blue dashed line). In Figure 4(b), the blue solid line is the result of constant band structure which is not depicted in the sketch maps. Apart from the open circuit voltage of the blue line (as reference voltage), it is obvious the results of other conditions are divided into three groups: smaller than reference voltage (A and D), equal to reference voltage (B and E), and larger than reference voltage (C and F). These results can be explained by the conception of QEF we mentioned before. Since the slope of LUMO will drift the electron to the lower LUMO direction and the slope of HOMO will drift the hole to the higher HOMO direction, in A the QEF-driven holes will drift to the right side and in D the QEF-driven electrons will drift to the left side. However, the anode is placed in the left side to collect holes while the cathode in the right to collect electrons, so the QEF-driven carriers actually drift to the opposite direction to which they are supposed to go and they will definitely not be collected at the wrong destination by electrodes to form current. As a result, only a smaller applied voltage is needed to counterweigh the effect of QEF and stretch these carriers back and that is why in these two circumstances the open circuit voltages are the smallest. As a contrast, C and F are the opposite conditions of A and D, and the QEF contributes to the carrier collection, helping the carriers drifting faster to the electrodes they are supposed to go and thus a larger voltage is needed to shut down the current with the QEF to reach an equilibrium condition. The B and E are the combined situation of the two conditions discussed before. For any single situation of these two, both LUMO and HOMO varies but there is always one QEF helping the carrier collection and the other one hindering the process. So the two effects counterbalance each other and has the same open circuit voltage as the constant band structure, as if there is no such a band variation existing. 
2.2 experiment observation

In our experiment, we used spin-coating method on substrate [indium tin oxide (ITO)/poly(3,4-thylenedioxythiophene): polystyrene sulphonate (PEDOT:PSS)] with different temperature [27 oC (cool) and 40 oC (hot)] to prepare donor:acceptor heterojunction films. Hot substrate could induce fast solvent evaporation, which leads to different vertical phase evolution from that on cool substrate. Donor is with thiophene-substituted benzodithiophene as a core, 2-(thiophen-2-yl)thieno [3,2-b]thiophene as a p-bridge and end-capped with 4,7-difluoro-1H-indene-1,3(2H)-dione (the donor is abbreviated as BTID-2F), while acceptor is [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM). The cell architecture is ITO/PEDOT:PSS/BTID-2F:PC71BM/Ca/Al. For more experimental method, see our previous publication.36[]

Ideally, the band structure is treated as a classical state, the form with a constant bandgap throughout the whole semiconductor. That means the inner molecule structure in solar cells is regarded as a uniform and continuous one, in which some parameters such as generation, carrier mobilities and bandgap structures are treated as constants. However, this hypothesis neglects the influence of material undermixing or possible vertical phase separation in solar cell fabrication. Because the interplay of several factors in manufacturing process: template temperature, solution concentration, film production rotation speed and annealing time as an example, the homogeneous film structure is mere a rough approximation to simplify the calculation. Actually, the vertical variation in the film is correlated with film-depth dependent composition and molecular aggregation: the semiconductors are semi-crystalline in the organic thin film, the amorphous phase and crystalline phase in the film at the same time, which will definitely influence the light absorption efficiency and exciton generation efficiency which are the essence of quantum efficiency [including internal quantum efficiency (IQE) and external quantum efficiency (EQE)]. Consequently, the chemical, optical, and electrical properties are all film-depth dependent in polymer thin film materials. Since there are only a few works accounting for the nonuniform systems of polymer thin films, it is highly needed to detect the photoelectric characteristics of polymer thin film in film-depth direction in order to study the underlying mechanism of organic polymer solar cells.
 ADDIN EN.CITE 
[11, 13, 36]

Therefore, a sublayer model is used to study the optical electric field distribution of the film. In this case, the film is considered to be made up with different sub-layers, each with different optical constants which is obtained by measuring the absorption spectrum of the sub-layer film as shown in Figure 5(a) and Figure 5(b). Based on the previous work, the polymer film is gradually etched by low-pressure (< 30 Pa) oxygen plasma.14[]
 The absorbance of each sublayer obtained by Beer-Lambert law can be used to calculate the extract coefficient of each sublayer in film depth direction. Then a transmission matrix model (TMM) is established to calculate the distribution of the optical electric field E in the depth direction.
 ADDIN EN.CITE 
[37-39]
 Based on this model, we calculate the optical electrical field distribution. According to the difference of the optical constants between the neighboring sublayers, Fresnel transmission coefficient tjk and Fresnel reflection coefficient rjk in the interface of j and k sublayers can be obtained as shown in Equation 9.
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where [image: image39.wmf]i

Nnk
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 is the complex refractive index. Then the interface matrix Ijk and phase shift matrix can be calculated as follows
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where 
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. From TMM, the relationship between E vs. film depth and wavelength can be obtained. Since the incident photons will be absorbed in the active layer and then generate excitons (bounded electron-hole pairs) when the energy of incident photon is higher than the threshold value, the energy distribution of photons Q absorbed in specific point per unit time in the organic layer can be calculated by E and the result of photons generation rate is shown in Figure 5(d) and Figure 5(e). Supposing the absorbed photons are equally converted into excitons, the exciton generation rate G of the film can be calculated by integrating photon energy distribution Q within the whole wavelength range using the Eq. (11)
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Since the wavelength is also correlated to the energy, we can build up the connection between the sublayer spectrum with sublayer energy band structure, pointing toward that the energetic disorder of localized states varies with locations in the film. The following steps is implemented to obtain the true value of the heterojunction energy level: 1) Extracting the absorption peaks of donor and acceptor by contrasting with the single component material spectrum. 2) Use the formula 
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 is the Planck 

 HYPERLINK "file:///E:\\%E6%9C%89%E9%81%93\\Youdao\\Dict\\7.5.2.0\\resultui\\dict\\?keyword=constant" constant, 
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 is the speed of light in vacuum and 
[image: image46.wmf]l

 is the wavelength of incident light) to calculate the mean value of the transition energy for charge carriers under illumination in this stochastic system. However, since we barely know the detailed aggregation of polymer in the film, it is unrealistic to calculate the true value of the LUMO and the HOMO. So here is an assumption to directly correlate the value of the transition energy to the difference between the HOMO and LUMO. 3) Based on the discussion above, the LUMO of acceptor and HOMO of donor can be approximately extracted. Currently, for BTID-2F:PC71BM system, our experiments do not support that the optical excitation from HOMO to LUMO is symmetric forbidden. Actually, in organic heterojunction photovoltaic thin films, molecule conformation, crystallite size, and boundary shape are dispersed. Consequently, even the forbidden transition for optical excitation could be partly allowed, leading to light absorption according to excitation from HOMO to LUMO. Actually, Figure 5(c) is depicted by this method and it shows the energy diagram of BTID-2F fabricated in hot (the dashed line) and cool (the solid line) situations respectively.

Recently, an approach has been reported in several papers to elevate the substrate temperature to control the morphology of solar cell films.
 ADDIN EN.CITE 
[40-42]
 The higher the temperature is, the longer relaxation time for film drying during spin-coating process and hence the average diameter of nanostructure reduce to some extent, the films prepared on the hot substrate have a better phase segregation and thus a smaller degree of energetic disorder than those on the cool substrate.

In our experiment, BTID-2F:PC71BM blend films are processed under hot and cool substrate temperatures respectively. As we expect, since there are investigations showing that energetic disorder can influence the open-circuit voltage, the film fabricated in a higher temperature exhibit a better performance with larger open-circuit. Moreover, the two energy band structures (hot and cool situations) and the two generation rates can be extracted from the sub-layer spectroscopy [Figure 6(a)] according to the procedure we mentioned above. It is noted that here the generation rates for the two device are normalized. In this case the LUMO and HOMO in hot substrate are almost the constants, nearly independent of film-depth; but as a contrast, the band structure of the film fabricated in a low temperature has a little fluctuation at the wavelength range from 10-50 nm, showing the inhomogeneous mixture of the donor and the acceptor at that depth and this fluctuation will definitely influence the carrier behavior. The Figure 6(b) shows carrier concentration in short circuit condition with waved curve at the range from 25-65 nm, which indicates the region where carriers are tend to aggregate, i.e. aggregation region (25-45 nm) and the region the carriers are tend to drift swiftly, i.e. depletion region (45-65 nm) and the latter region perfectly correspond with the high gradient value region of band structure diagram. Given that the diffusion current is assumed to be negligible relative to drift current, only the drift current is discussed here. This result validates the previous introduced concept of QEF, in which field the larger the gradient of the band structure, the larger the QEF and thus the larger carrier mobility. As the carrier mobility is enhanced, more carriers are likely to be “swept” out of that region, hence a depletion region formed. Between the two depletion regions, the carrier mobility is relatively low and the electric field calculated by Poisson’s equation is left to be the only strength to drift them, so it remains a relatively high concentration than the two neighborhood regions, thus forming the aggregation region. Then the J-V curve is stimulated as shown in Figure 6(c). And in Figure 6(d), the result of EQE of different wavelength is calculated, using the following Equation
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where the [image: image48.wmf]I

 is the integral of irradiance in the neighborhood range of the given [image: image49.wmf]l

 and the irradiance value is extracted from the standard AM1.5G solar spectrum. Since the EQE equals to the number of electron gathered by electrodes divided by photons incident in the film per unit time, the short circuit current and the irradiance are used to calculate it. The following Table 2 shows the results from the experimental and simulation of different factors.

As shown in Table 2, the simulated performance is compared to the experimental observations in terms of Isc, Voc and EQE. The slight mismatch between simulated Isc and EQE is due to different light intensity for different simulations. For clarity, in the simulation we did not take morphology and charge-density-dependent mobility into considerations, the latter of which could increase with increased light illumination. And there is another experiment result in Supporting Information for BTID-1F:PC71BM (Figure S1 and Table S1).
Table 2. Experimental and simulation results for BTID-2F:PC71BM
	
	
	Jsc(mA/cm2)
	Voc(V)
	FF
	EQE(500nm)
	EQE(650nm)
	Efficiency

	Hot
	Experiment
	14.27
	0.97
	73.7%
	63.7%
	65.2%
	10.2%

	
	Simulation
	15.00
	0.92
	75.2%
	61.4%
	65.7%
	10.4%

	Cool
	Experiment
	14.10
	0.90
	73.1%
	63.2%
	64.9%
	9.3%

	
	Simulation
	14.97
	0.86
	74.8%
	61.0%
	65.2%
	9.6%


3. Conclusion

In this work, we numerically investigate the correlation between performance of organic solar cells and film-depth-dependent optical/electronic variations, which was subsequently compared with film-depth-dependent light absorption spectra and measured photovoltaic performance. Film-depth-dependent optical variation formed during vertical materials evolution is coupled with light interference among different (sub) layers in the device, contributing to spatial and energetic exciton distributions. After charge dissociation, charge transport occurs via hopping among electronic localized states of which the energetic distribution also depends on film-depth. We show that photovoltaic performance is strongly correlated with the vertical optical and electronic variations. Although both of reduced energetic disorder and less fluctuation of states energy along film-depth direction may contribute to higher open-circuit voltage and higher PCE, the eventual performance significantly depends on the detailed vertical profiles of optical and electronic properties. Appropriate distribution of band gap along film-depth direction could increase the open-circuit voltage and fill factor. Both light interference and vertical material variations contribute to film-depth-dependent exciton generation profiles, consequently in the film-depths with high exciton generation and high concentration of free charges, the local gradient of transport energy levels which provide extra electric force could accelerate dissociation of excitons and transport of free charges to avoid recombination, leading to high photovoltaic performance. In combination with appropriate material processing method, this work therefore provides a strategy to improve the photovoltaic performance upon simultaneously tuning the film-depth-dependent optical and electronic variations.
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Figure 1. A scheme of energy diagram for BHJ solar cells, showing the film-depth-dependent band distribution of HOMO (donor) and LUMO (acceptor). The HOMO and LUMO levels vary with film-depth as a result of vertical phase evolution during sample preparation, a typical phenomenon for organic semiconductor films.
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Figure 2. (a) The film-depth-dependent band distribution of HOMO (donor) and LUMO (acceptor), from which the following simulation is obtained. (b) J-V curves from simulation of different but uniform generation rate of exciton. The exciton generate rate is shown for each curve, and the unit of the rate is cm-3s-1.
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Figure 3. Simulation for different light intensity distribution. (a) J-V curve from simulation of different integral area but the same shape of light intensity under short circuit condition. (b) Simulated recombination rate of (a). Inset is the assumed generation rate profiles of excitons and (a) and (b) share the same color. (c) J-V curve from simulation of same integral area but a different shape of generation rate under short circuit condition. (d) Recombination rate simulated from (c). Inset is the assumed generation rate profiles of excitons and (c) and (d) share the same color.

[image: image53.emf]-5.5

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

B

C

Energy (eV)

E

F

D

0 50 100

-5.5

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

Energy (eV)

0 50 100

Depth (nm)

(a)

0 50 100

A



[image: image54.emf]-0.2 0.0 0.2 0.4 0.6 0.8 1.0

-15

-10

-5

0

 A

 B

 C

 D

 E

 F

 Normal

Current Density 

(

mA/cm

2

)

Voltage (V)

(b)


Figure 4. Simulated photovoltaic performance for inclined band profiles. (a) Different energy diagrams of inclined band profiles with the same boundary voltage. Depths 0 nm and 100 nm represent active layer/anode and active layer/cathode interfaces. (b) J-V curves simulated from (a). (a) and (b) share the same colors. For clarity, the arrows show overlapping curves. In (b), Normal represent horizontally-aligned HOMO (-4.5 eV) and LUMO (-3.5 eV) bands. 
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Figure 5. (a, b) Film-depth-dependent absorption spectra of BTID-2F:PC71BM blend spincoated on cool (a) and hot (b) substrate. (a) and (b) are from our previous publication.36[]
 Each spectrum, which is shifted along vertical direction, is corresponding to sublayer with thickness ca. 10 nm. From these spectra, we extract the variation of energy levels at different film-depth as shown in (c). (d, e) The optical exciton generation rate distribution, as simulated from film-depth dependent absorption spectra under illumination of solar AM 1.5G, for BTID-2F:PC71BM blend spincoated on cool (d) and hot (e) substrate. Depths 0 nm and 100 nm represent PEDOT:PSS/active layer and active layer/Ca interfaces. The noise-like features in the contours are due to the noise-like spectrum of solar AM 1.5G.
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Figure 6. (a) Generation rate in BTID-2F:PC71BM film spin-coated on cool and hot substrate, which is derived from film-depth-dependent spectra as shown in Fig. 6. (b) Position-dependent carrier distribution of BTID-2F:PC71BM film spin-coated on cool and hot substrate under short-circuit condition. (c) Simulated J-V curves. (d) Simulated EQE profiles. The dashed lines are guides for eyes. 
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In bulk heterojunction organic solar cells, the HOMO and LUMO levels usually vary with film-depth as a result of vertical phase evolution during sample preparation, leading to film-depth-dependent optical and electronic properties. Here we find that optimization of such vertical optical and electronic variations provides a new approach to improve photovoltaic performance.
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