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Abstract

:

Introducing a cathode modification layer is an effective method to obtaining highly efficient organic solar cells (OSCs) and improving their stability. Herein, we innovatively introduced a double cathode modification layer (SnO2/ZnO) into a non-fullerene OSCs based on PM7:IT-4F and explored the mechanisms. The effects of SnO2/ZnO film on charge carriers transfer in OSCs are studied via a variety of electrical testing methods including Photo-CELIV measurements. As a result, a cathode buffer layer with low recombination rate and high carrier mobility could be introduced, which is beneficial to electron transport and collection. The champion device based on the double cathode modification layer acquires an efficiency of 12.91%, obviously higher than that of the single cathode modification layer (SnO2 or ZnO) device. Moreover, The SnO2/ZnO double layer is demonstrated to be of great help in the improvement of device stability, and our work could provide a new inspiration for the preparation of OSCs cathode modification layer.
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1. Introduction


Over recent years, remarkable progress have been made in the field of organic solar cells (OSCs), which is considered a potential candidate to accessing clean energy [1,2,3]. Most of these breakthroughs are owing to synthetic new materials [4,5,6,7], optimization of device structure [8,9,10], morphology control of active layers [11,12,13], as well as adopting the interface modification layers which have been considered an efficient method to achieve high-efficient and stable OSCs for the advantages of adjusting the energy barrier between electrode and organic active layers and improving the charge extraction ability of the electrode [14,15,16]. Poly(3,4-(ethylenedioxy)thiophene):poly(styrenesulfonate) (PEDOT:PSS) is the most commonly used anode buffer layer materials in the normal OSCs fabrication for their superior hole transport capability, good transparency in the spectral response range and so on [17,18]. While for cathode buffer layer, the most commonly used modification materials can be divided into two categories: inorganic materials and organic materials. Inorganic materials are mainly metal oxides, such as zinc oxide (ZnO) [19,20], titanium oxide (TiOX) [21], lithium fluoride (LiF) [22]. For organic materials, poly[(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9 –dioctylfluorene)] (PFN) [23,24,25], Polyethylenimine ethoxylated (PEIE) [26], perylene diimide derivatives (PDIN-o) [27,28] and PDIN [29,30] are usually used.



Except the power conversion efficiency (PCE), the long-term stability still remains to be a great challenge of OSCs development which is always overlooked by high-efficiency device reports. At present, the main way to enhance the lifetime of OSCs is to consider how to slow down the rate of erosion caused by moisture and oxygen. Methods have been taken, such as synthesizing hydrophobic organic materials, encapsulating devices, and so on [31,32,33]. Moreover, regulation of electrode modification layer has been considered an important approach to resist moisture and oxygen molecules into device [34,35], which can affect both active layer and electrode for the special location in the device structure. Therefore, the study of electrode modification layer is of great significance for enhancing device efficiency and stability simultaneously.



In this work, we fabricated the inverted OSCs based on Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-chloro)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1′,3′-di-2-thienyl-5′,7′-bis(2-ethylhexyl)benzo[1′,2′-c:4′,5′-c’]dithiophene-4,8-dione)] (PM7) as donor and 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2′,3′-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene (IT-4F) as acceptor with SnO2/ZnO (ZnO and SnO2 for comparison) as cathode modification layer. It should be noted that the use of a double layer of inorganic material as a charge transport layer (electrode modification layer) has been previously used in devices based on other material systems (such as perovskite) [36,37,38], but to our knowledge has not been used in PM7:IT-4F based OSCs. SnO2/ZnO film improves the power conversion efficiency (PCE) of the device to 12.91% with FF of 70%, JSC of 20.04 mA/cm2 and VOC of 0.92 V, due to the improvement of charge transfer/collection. Moreover, compared with the single cathode modification layer (ZnO, SnO2), the adoption of SnO2/ZnO film effectively improves the stability of the device, with a reduced rate of dark-degradation in both air and nitrogen. Taken together, this work would provide insights into OSCs interfacial modification mechanism study with new revelation in-depth elucidation of the underlying mechanisms associated with improved device efficiency and stability, which will provide insights into OSCs interfacial modification studies.




2. Materials and Methods


The active polymer PM7 and Non-fullerene small molecule material IT-4F were used as donor and acceptor, respectively. Active layer solvent is o-Xylene (OX). ZnO, SnO2 and MoO3 were utilized in the preparation of electron-transport layer and anode buffer layer, respectively. Among them, ZnO was prepared by sol gel with Zn(Ac)2·2H2O, C2H7NO and C3H8O2. PM7 and small molecule acceptor material IT-4F were purchased from 1-Material Inc (Dorval, Quebec, Canada). Organic reagents such as OX, DClO, C2H7NO, C3H8O2 and CH2Cl2 were acquired from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Zn(Ac)2·2H2O and SnO2 were purchased from J&K Scientific (Beijing, China). All the materials were used as received without any further treatment. Donor material PM7 and acceptor material IT-4F were put into a solution bottle (Agilent, Santa Clara, California, United States) in a mass ratio of 1.25:1, and added CH2Cl2 (1.5 μL/mg). Then left the bottle in glove box (Mikrouna, Shanghai, China) with high purity nitrogen to dry thoroughly and await further processing. Once the organic materials (PM7 and IT-4F) dried, donor and acceptor materials were dissolved in OX (20 mg/mL) by heating 60 °C with stirring for 6 h. As for ZnO precursor solution, in briefly, 164.61 mg of Zn(Ac)2·2H2O and 45.81 mg of C2H7NO (molar ratio 1:1) were dissolved in 1 mL C3H8O2 and then stirred continuously in the dark, heating 60 °C, until the solids completely dissolved (almost 12 h). SnO2 solution (purchased from J&K Scientific, Beijing, China) was diluted by adding deionized water in a volume ratio of 1:6 for further use.



Devices were fabricated by featuring three kinds of cathode modification layer (ZnO, SnO2 and SnO2/ZnO), respectively, in an inverted structure: indium tin oxide (ITO)/buffer layer/PM7:IT-4F/MoO3/Ag (Figure 1a). The chemical structural formulas of the donor material PM7 and the acceptor material IT-4F used in the experiment are shown in Figure 1b, c. For the device preparation, all the devices were fabricated on cleaned ITO-coated glass substrates (sheet resistance: 15 Ω/Sq), cleaned by followed steps with sequential sonication in deionized water, acetone, ethanol each for 20 min. Wait until the ITO-coated substrate fully dries by high purity nitrogen for further ultraviolet-ozone treatment for 8 min. The buffer layer was spin coated on the treated ITO substrates as cathode modification layer using a sol-gel process. Next, it was thermal-annealed at 150 °C for 30 min (for ZnO), 200 °C for 60 min (for SnO2) and 180 °C for 40 min (for SnO2/ZnO). Subsequently, place the prepared ITO/cathode modification layer films into the glove box filled with high purity nitrogen (O2 and H2O content < 0.01 ppm), and then a blend layer of PM7:IT-4F was spin-coated on the films and dried for 30 min to obtain the dry active layer film. Place the ITO/cathode modification layer/active layer in a thermal evaporative coating instrument (Mikrouna, Shanghai, China), vacuumed to a vacuum of 1.5 × 10−6 Torr, and then MoO3 and silver were successively deposited as anode buffer layer and anode, respectively.



The thickness for each layer of the device (including anode modification layer, cathode modification layer, active layer and Ag electrode) was measured via the Dektak XT Stylus Profile (Bruker Corporation, Billerica, MA, USA). The UV-vis absorption spectra of PM7:IT-4F films (with different electronic transport layer, including ZnO, SnO2 and SnO2/ZnO) were recorded using a U3900H spectrophotometer (Hitachi, Tokyo, Japan). The Keithley 2400 measurement unit (Tektronix Inc., Beaverton, OR, United States) was used to obtain the current density-voltage (J-V) characteristic curves (AM 1.5G) of each device (San-Ei Electric, Osaka, Japan). The EQE curves of each device was measured by a SC100 solar cell QE/IPCE testing system (Zolix Instruments CO., Ltd., Beijing, China). In addition, The Paios carrier characterization system (FLUXiM AG, Winterthur, Switzerland) was utilized to measure the TPV/TPC and Photo-CELIV.




3. Results and Discussion


3.1. Device Performance


As shown in, organic solar cells were fabricated with different electron transport layer (ZnO, SnO2 and SnO2/ZnO). The J-V curves of the devices are shown in Figure 1d, while the relevant photovoltaic parameters are listed in Table 1, including short-circuit current density (JSC), open-circuit voltage (VOC), fill factor (FF) and power conversion efficiency (PCE). Meanwhile, the parameters of OSCs based on PM7:IT-4F active layer in other studies are presented in Table 2 for reference. By modified with SnO2/ZnO, the device exhibits a PCE of 12.9% with a JSC of 20.04 mA/cm2, a VOC of 0.91 V and a FF of 70%. For comparation, the device with single cathode buffer layer ZnO shows a PCE of 11.45%, and JSC, VOC and FF are 19.22 mA/cm2, 0.88 V and 67%, respectively. While the SnO2 modified device shows a PCE of 12.03%, a JSC of 19.45 mA/cm2, a VOC of 0.90 V and a FF of 68%.



Compared to the device with the ZnO buffer layer the SnO2 cathode modifier layer device shows a significant improvement of FF and JSC, which is due to the fact that SnO2 film is smoother than ZnO film (see Figure S1) and would form better contact with the active layer. While the device base on SnO2/ZnO modification layer gives the best performance for all parameters, we think there are two main reasons for this. On one hand, it has been shown that preparing SnO2 on ITO can improve the surface of ITO [46], and we speculate that inserting a layer of SnO2 between ITO and ZnO could improve the quality of ZnO film, which is more conducive to the transmission of electrons between the active layer and the cathode electrode by reducing the generation of traps at the interface and the recombination of charge at the cathode electrode. On the other hand, the surface of SnO2 film usually shows a large number of defects, mainly oxygen vacancies (donor defects) [47,48], cover the ZnO film on the SnO2 cathode buffer layer may passivate these surface defects, which can reduce the possible leakage current between the active layer and the electrode, provide an effective transfer channel for the transmission of electrons from the active layer to the cathode electrodes, reduce the recombination of carriers, so as to improve the FF and JSC of the device. The improvement of the VOC should be mainly attributed to that the double cathode modification layers optimize the interface layer contact and reduce the energy barrier between the electrode and the active layer. Meanwhile, the calculated work function of ZnO, SnO2 and SnO2/ZnO modified electrodes are 4.57, 4.03 and 4.26 eV (see Figure S2 and Table S1), respectively, considering that the LUMO level of the acceptor material IT-4F is −4.15 eV, the energy level between the active layer and the SnO2/ZnO modified electrode is more compatible, which is more conducive to the transmission of electrons.




3.2. Characterization of Opto-Electronic Properties


The ultraviolet-visible absorption spectrum and external quantum efficiency spectra of the devices with ZnO, SnO2 and SnO2/ZnO (Figure 2) were measured to further understand the effect of the double-cathode buffer layer on the improvement of device performance. As the UV-Vis absorption spectrum shown in Figure 2a, there is no significant increase in light absorption for device based on SnO2/ZnO, indicating that the increase of JSC is not due to the improvement of the absorption of the film. As we all know, the improvement of JSC is associated with the ability to capture photons, the transmission and collection of charges [49]. Therefore, the improvement of JSC by the double cathode modification layer should be attributed to the improvement of charge transfer/collection in device. The EQE spectrum of devices with different cathode buffer layers were measured (Figure 2b). It can be seen that the curve of the double modification layer device is improved as a whole compared with that of the single modification layer devices, and the JSC calculated via integrating the EQE curves were in good agreement with the JSC obtained from the J-V curves (within 5% mismatch). Considering the results of UV-Vis absorption spectrum, we illustrate that the increase in JSC corresponds to the improvement of the charge transport and the reduce of the charge recombination.



Transient photovoltage (TPV) and transient photocurrent (TPC) measurements were applied to further study the charge transfer and charge extraction dynamics of the devices with different cathode buffer layers (ZnO, SnO2 and SnO2/ZnO).



TPV measurement can be utilized to analyze the charge recombination characteristic of the OSCs by exploring the decay lifetime via recording the voltage decay process under open circuit condition [50]. The TPV curve is recorded by keeping the device at open circuit voltage under bias-illumination [51,52]. On this basis, the device is applied an additional LED pulse to generate additional charges, and then the photovoltage decays exponentially. Meanwhile, the charge carrier lifetime can be calculated directly from the decay curve. In TPV analysis, the charge recombination time can be derived from a single exponential equation V = Aexp(−t/τ) (where A is a constant of the fitted peak height, t is the time and τ is the decay time) [52,53]. By fitting the TPV curves in Figure 2c, the transient photovoltage decay lifetime of ZnO, SnO2 and SnO2/ZnO modified devices is 69.18 μs, 34 μs and 77 μs, respectively (Table 3). The results suggest that the SnO2/ZnO layer is contributing to prolong the transient photovoltage decay lifetime of the OSCs. A short decay lifetime results from a premature recombination of charge carriers, which means the inefficient charge transport and low power conversion efficiency [54]. Compared to the device modified with single cathode buffer layer (ZnO or SnO2), the device with SnO2/ZnO have prolonged decay lifetime and exhibited higher device performance, which indicates the reduced charge carrier recombination due to the SnO2/ZnO modification. For the SnO2 modified device with the shortest decay lifetime, we speculate that the unfavorable energy level arrangement at the interface between SnO2 modified electrode and the active layer leads to charge accumulation and thus increased recombination.



TPC measurement is a method applied to obtain the charge extraction time τTPC of the OSCs via exponential fitting the normalized transient photocurrent decay curves derived from recording the current response of an optical step under short-circuit condition [55,56], and the short τTPC stands for good carrier transport and extraction [57]. By fitting the TPC curves in Figure 2d, the charge extraction time of devices modification by difference cathode buffer layer are summarized in Table 3. The charge extraction time for ZnO modification layer device is 0.45 μs, for SnO2 is 0.31 μs, and for double cathode modification layer device is 0.33 μs. Due to the vertical growth of SnO2 nanocrystal and the characteristic of hole blocking [58], the τTPC of the device modified with SnO2 is shorter than other devices. The device modified with ZnO film shows the longest charge extraction time, which could result from the ZnO film fabricated in this study is amorphous, the electron transport characteristic of which is inferior to crystalline ZnO film [59]. However, the device prepared by covering a SnO2 layer before preparing the ZnO film as cathode modification layer (SnO2/ZnO) shows a significant reduce in extraction time, compared to the device that directly fabricated ZnO film. The result indicates that the double cathode modification layer effectively enhances the efficiency of OSCs via improving charge collection at the electrode.



Through analyzing the characterization of carrier lifetime and charge extraction, we can conclude that the significant enhancement caused by double cathode modification layer (SnO2/ZnO) is mainly based on the improvement of the charge transfer and collection in the device, which is in good agreement with UV-vis and EQE results.



Photo-induced charge extraction linear increasing voltage (Photo-CELIV) measurement is applied to gain the carrier mobility of OSCs modified with ZnO, SnO2 and SnO2/ZnO [56,60], which is an effective research technology in revealing the internal charge transport characteristics of the device in operation. The corresponding photocurrent curves recorded by Photo-CELIV measurement are shown in Figure 3. A white LED light pulse is applied to the device tested in Photo-CELIV experiment, and then a linearly boosted signal is used to extract the photo-generated free charger inside the device [56,61]. During the Photo-CELIV test, the recorded photo-generated current curves show a rise, then slowly decrease, and finally tend to equilibrium. The charge carrier mobility can be calculated by the formula μ = 2d2/3Atmax2·1/(1 + 0.36Δj/jdisp) (where μ is the charge carrier mobility, A is the ramp rate, d is the active layer thickness (~120 nm), Δj is the peak current minus the displacement current, 1 + 0.36Δj/jdisp is an empirical correction for electric field redistribution, jdisp is the displacement current, tmax is the time when the current reaches the peak) [61]. The values of carrier mobility for the devices modified with ZnO, SnO2 and SnO2/ZnO are summarized in Table 3 calculated by the above formula. The device modified with these three kinds of buffer layers performed a charge carrier mobility of 8.10 × 10−5 cm2·V−1·s−1, 9.89 × 10−5 cm2·V−1·s−1 and 1.54 × 10−4 cm2·V−1·s−1, respectively, which reveals the improved carrier transport between the two electrodes, is one of the main mechanisms for the improving of device performance.



In order to further investigate the charge transport and carrier recombination properties, the relationship between VOC/JSC and light intensity (Plight) of the device was measured (Figure 4).



The dependence of VOC on Plight (see Figure 4a) is consistent with the logarithmic relationship: VOC∝βInPlight, where β = nκT/q, κ is the Boltzmann constant value, n is the ideal factor, T is the absolute temperature and q is the elementary charge. The ideal factor n is usually between 1 to 2, which means that β is usually between 1κT/q to 2κT/q. The β value symbolizes the competitive relationship between trap-assisted Shockley-Read-Hall (SRH) recombination and bimolecular recombination [57]. In general, the β values tend to 1κT/q suggests that bimolecular recombination is the dominant factor, whereas β values tend to 2κT/q indicates additional Shockley-Read-Hall (SRH) recombination have involved [62]. The lower β value means the Shockley-Read-Hall (SRH) recombination is the weaker factor in carrier recombination, and the SRH recombination is associated with interface defects that cause electrons and holes to be trapped and then recombined. The fitted lines for the devices modified with ZnO, SnO2 and SnO2/ZnO, showed the β values of 1.22κT/q, 1.16κT/q and 1.08κT/q, respectively (Table 4), indicating that SnO2/ZnO film contributes to the suppressed SRH recombination with less interface trap and more efficient charge transfer. Furthermore, the suppressed trap-assisted recombination results in higher FF and VOC, which is in good agreement with the TPV and TPC results.



In addition, the dependence of the JSC value on Plight were investigated for each device to further understand the bimolecular recombination and space charge accumulation in different devices. By fitting the lines in Figure 4b, the α values for devices modified with ZnO, SnO2 and SnO2/ZnO are 0.9594, 0.9977 and 0.9949, respectively. Following in theoretical consideration, the bimolecular recombination is associated by the α value in a logarithmic plot of JSC∝Plightα. Compared to the ZnO modified device, the α values of the SnO2 and SnO2/ZnO modified devices are more tend to 1 indicating the introduction of SnO2 could effectively suppress bimolecular recombination in the device. This may be due to the fact that SnO2 can effectively block holes [58] and improve the quality of ZnO film. Meanwhile, the addition of SnO2 provides a more efficient charge transfer channel for the transport of electrons, and improves the ability to extract charge at the cathode.



In briefly, SnO2/ZnO device showed relatively suppressed trap-assisted recombination and bimolecular recombination, which is the main reason for improvement of OSC performance, and in line with the TPV/TPC and UV-Vis results.




3.3. Improving Device Stability via SnO2/ZnO


There has been a lack of reports on the long-term stability of high-efficiency non-fullerene OSCs. Here we specifically tested and compared the long-term stability of devices based on three cathode modification layers. Figure 5 and Figure 6 show the dark-degradation curves of the photovoltaic characteristic parameters of the OSCs in nitrogen atmosphere and air conditions. As shown in Figure 5, the values of efficiency after six months for ZnO, SnO2 and (SnO2/ZnO) modified devices are decay to 80%, 87% and 93% of the initial device, respectively. The results suggest that the device modified with SnO2/ZnO film is able to avoid the direct contact between ITO and ZnO film effectively. Meanwhile, cover the SnO2 layer with a ZnO film can passivate the surface defects of SnO2 film and prevent downward penetration of molecules from the active layer into the electrode. In briefly, the improvement of stability for the OSCs from the introduction of SnO2/ZnO film as cathode modification layer results in the life extension of OSCs in nitrogen atmosphere.



To confirm the environmental stability of SnO2/ZnO modified device, we evaluated the stability for each device modified with single and double modification layers in air (Figure 6). As well known, oxygen could cause the oxidation of organic materials in the active layer, and the increase of the hole concentration inside the active layer may result in the carrier concentration to be out of balance [63]. In air atmosphere, the devices modified with ZnO, SnO2 and SnO2/ZnO showed decay efficiency to 68%, 72% and 83% of the initial device after six months, respectively. The device with SnO2/ZnO exhibited better efficiency stability compared to the devices with SnO2 and ZnO in air due to the denser film formed by the double cathode modification layer, which can efficiently prevent the water and oxygen molecules from entering into the device, so that effectively reduce the influence of water and oxygen in the air.



It is worth noting that the performance degradation of ZnO modified device is the most severe in both nitrogen atmosphere and air, and it is mainly due to the decline of JSC. This is most likely due to the strong absorption of UV by ZnO, which leads to the photodegradation of IT-4F, and the addition of SnO2 layer can effectively alleviate this problem [64]. In conclusion, the adoption of SnO2/ZnO films as cathode modification layer is proved to be an effective strategy to enhance the stability of OSCs, which could reduce the rate of dark-degradation both in nitrogen atmosphere and air condition.





4. Conclusions


In summary, we have prepared high-efficiency and high stability inversion OSCs based on PM7:IT-4F system by introducing the SnO2/ZnO film as a double cathode modification layer. Herein, we revealed the mechanism of improving the device performance and stability via SnO2/ZnO cathode modification layer. The advantages of both single ZnO and SnO2 films are reflected in SnO2/ZnO double cathode modified layer. Cover the ZnO on the SnO2 film efficiently passivate the surface defects of SnO2, and fabricate a SnO2 film before ZnO film is more conducive to electron transport and block holes. Compared to the single cathode modification layer, the SnO2/ZnO buffer layer enhances the PCE of OSCs obviously to 12.91% with a FF of 70%, a JSC of 20.04 mA/cm2 and a VOC of 0.92 V. The results obtained from charge transport and extraction study via TPV/TPC, Photo-CELIV measurements and dependence of VOC/JSC on light intensity imply the reducing energy barrier between the electrode and active layer and the reducing trap near the interface layer, which result in suppressed charge recombination, efficient charge transfer and collection near the active layer/(SnO2/ZnO) interface. Furthermore, the denser SnO2/ZnO modification layer, on one hand, prevents the downward infiltration of the active material into electrode, and on the other hand, efficiently reduces the immigration of water and oxygen into the interface between modification layer and active layer, which significantly slowed down the dark-degradation in both nitrogen and air atmosphere with a degradation rate of 7% in nitrogen, and 17% in air. Our work not only provides the method to fabricate OSCs with high efficiency and stability through double cathode modification layer, but more importantly elaborates the underlying mechanisms associated with improving the device efficiency and stability via cathode modification, which would provide new inspiration in the relevant studies.
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Figure 1. (a) Device architecture and photoactive materials; (b) PM7 (where n indicates the degree of polymerization); (c) IT-4F; (d) The J-V characteristic curves of the OSCs with ZnO, SnO2 and SnO2/ZnO cathode buffer layers. 
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Figure 2. (a) UV-Vis absorption spectra and (b) the EQE spectra of the devices; Normalized (c) TPV and (d) TPC decay curves of the device with different cathode buffer layers. 
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Figure 3. Photo-CELIV curves of the device with different cathode buffer layers. 
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Figure 4. The light intensity dependence of (a) VOC and (b) JSC of the device with different cathode buffer layers. 
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Figure 5. The normalized photovoltaic performance curves of devices in purity nitrogen atmosphere: (a) for JSC; (b) for VOC; (c) for FF; (d) for PCE. 
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Figure 6. The normalized photovoltaic performance curves of devices in air: (a) for JSC; (b) for VOC; (c) for FF; (d) for PCE. 
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Table 1. Photovoltaic performance of devices with ZnO, SnO2 and SnO2/ZnO films.
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	Jsc (mA/cm2)
	Voc (V)
	FF
	PCE (%)





	ZnO
	19.22 a

(19.06 b ± 0.15)
	0.88 a

(0.88 b ± 0.01)
	0.67 a

(0.66 b ± 0.01)
	11.45 a

(11.42 b ± 0.04)



	SnO2
	19.45 a

(19.28 b ± 0.12)
	0.90 a

(0.90 b ± 0.01)
	0.68 a

(0.68 b ± 0.01)
	12.03 a

(11.92 b ± 0.12)



	SnO2/ZnO
	20.04 a

(19.72 b ± 0.29)
	0.92 a

(0.91 b ± 0.01)
	0.70 a

(0.69 b ± 0.01)
	12.91 a

(12.66 b ± 0.24)







a For champion device. b For average of 30 devices.
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Table 2. Photovoltaic parameters of devices in relevant research.
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	Device Structure
	Jsc

(mA/cm2)
	Voc

(V)
	FF
	PCE

(%)





	ITO/NP-ZnO/PM7:IT-4F/MoO3/Al [39]
	20.9
	0.88
	0.71
	13.1



	ITO/PEDOT:PSS/PM7:IT-4F/PDINO/Al [40]
	20.5
	0.85
	0.77
	13.4



	ITO/ZnO/PM7:IT-4F/MoO3/Ag [41]
	20.21
	0.86
	0.72
	12.48



	ITO/ZnO/PM7:IT-4F/MoO3/Ag [42]
	15.8
	0.90
	0.64
	9.1



	ITO/PEDOT:PSS/PM7:IT-4F/PFN-Br/Al [43]
	17.14
	0.93
	0.73
	11.72



	ITO/PEDOT:PSS/PM7:IT-4F/PFN-Br/Al [44]
	20.48
	0.87
	0.55
	9.77



	ITO/ZnO/PM7:IT-4F/MoO3/Ag [45]
	20.47
	0.90
	0.69
	12.74



	This work
	20.04
	0.92
	0.70
	12.91
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Table 3. The parameters derived from TPV/TPC and Photo-CELIV measurements for the devices with different cathode buffer layers.






Table 3. The parameters derived from TPV/TPC and Photo-CELIV measurements for the devices with different cathode buffer layers.











	
	τTPV (μs)
	τTPC (μs)
	Carrier Mobility (cm2·V−1·s−1)





	ZnO
	69.18
	0.45
	8.10 × 10−5



	SnO2
	34.27
	0.31
	9.89 × 10−5



	SnO2/ZnO
	77.42
	0.33
	1.54 × 10−4
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Table 4. The values of the light intensity dependence of JSC and VOC of the device with different cathode buffer layers.
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	α
	β (κT/q)





	ZnO
	0.9594
	1.22



	SnO2
	0.9977
	1.16



	SnO2/ZnO
	0.9949
	1.08
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  energies-15-07643


  
    		
      energies-15-07643
    


  




  





media/file8.jpg
(a)

100%.
o5
s

a5

Normalized Current Density

(b)

oo

s

100%.

Factor

95

0%

a5

Normalizod il

a0

ool
s 5%
s
3 o
Fond  snon
—=-200 E ——$n022n0|
The
—4—$n02Zno| Lt
s
et 2 am gt St 2 gt
Tine Tine
-—-—.EE% o0
u oo
3 oon
—a—2n0 E ~=-2n0
~e—$n02 g —e-Sn02
4 $n02Zn0| = - $n02Zn0)
o

‘Dmonth  2month _4month & menth

Time.

Omonth  Zmonth  4menth G menth

Time





media/file11.png
(a)

Normalized Current Density

—
O
N’

Normalized Fill Factor

100% -~
90%
80%+
—a—Zn0
70%+4 —e— Sn02
—a— Sn02/Zn0O
60%-
0 mcl)nth 2 m;mth 4 mcl)nth 6 m;mth
Time
100%-
90% 4
—a—Zn0
—o— Sn02
—a— Sn02/Zn0O
80% Y v Y v Y v Y
0 month 2 month 4 month 6 month

Time

(b)

Normalized Voc

(d)

Normalized PCE

100%-
90%-
—a—Zn0
80%- —o—Sn02
—&— Sn02/Zn0O
70% T ' T v Y v Y
0 month 2 month 4 month 6 month
Time
100%+4
80%-
—a—Zn0O
60%- —o— Sn02
—a— SNn02/Zn0
40% Y

0 month ' 2m<')nth - 4m<')nth ' 6m£>nth
Time





media/file6.jpg
(b)

.
<
<
Bl i &
A_Sn02Zno)| 4_Sn03/Zn0)

%] oo

T T
Light intensity (mW-cm )

T T 0
Light intensity (mW-cm )






media/file1.png
(a)

A
1 179 1
[ MoO3
Active Layers

(c) (d)

o

—8—Zn0
—e— Sn02
—a&— Sn02/Zn0

Current Density (mA/cmz)

00 02 04 06 08 10
Voltage (V)






media/file10.jpg
s o
= Nomalized Curront Dansity

Normalized Fill Factor

(b)

o0
oo
oo
¢
s 3 oow
-0 H 20
o] | o P 0
oo = orol
o 70%-
e T e e T T AT e TR Ty
Time e
o0 o0
2 o
E
s H —=-2n0
e Il 5
—-Sn02 * & $n02/Zn0)
e
o .
(TS S T T T T T T

Tias:

Tne





media/file7.png
(a)

0.92 4

0.88 -

0.84 -

Voc (V)

0.80 -

Zn0O
® Sn0O2
A Sn02/ZnO

0.1

Light intensity (mW-cm™)

(b)

Jsc (mA-cm™)

10

-m—Zn0
—0—Sn02

—A—-Sn02/Zn0O

0.1

LA | v ——rerrreT

1 10
Light intensity mW-cm )

100






media/file9.png
(a)

<, 100%+
7
o
A 95%+4
T
)
=
3 90% 4
o —a—Zn0
ﬁ 859 —o— Sn02
g 0 —A— Sn02/Zn0
S
Z 80%+—eaF--v-—---oT————
0 month 2 month 4 month 6 month
Time
100%+4
g %
S 95%-
L
E
g 90% -
N —a—ZnO
©
E 859 —o— Sn02
o —a— Sn02/Zn0O
Z
80% Y v T r Y v Y
0 month 2 month 4 month 6 month

Time

(b)

Normalized Voc

(d)

Normalized PCE

00 T ———
95% -
—a—Zn0
90%- —e—Sn02
—a— Sn02/Zn0
85%+
80%

Omt')nth ' 2m¢')nth ' 4m<')nth

Time

' 6 mt')nth

100%-
95% -
90% -
859 —a—Zn0
0 —e— Sn02
—a— Sn02/Zn0O
80%+

Omonth 2month 4 month

Time

‘ 6 m:)nth





media/file5.png
Photocurrent (mA/cm?)

—a—7Zn0
—0— Sn02
—a— SN02/Zn0O

Time (us)





media/file3.png
Absorbance

Normalized Photovoltage (a.u)

100
1.0+
80~
0.8+
0.6- __ 60+
X
Ll -
0.4 c 40
w —a—Zn0
0.2- | 20- —e— Sn02
== Zn0 —@—5Sn02 —a— Sn02/Zn0
0.0 i + Sn02/Zn0 S —————————
g PM7=p— IT-4F 0
e —— v T v T v o T v T v T v T v T v
400 600 800 300 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

(d)

1.0 5 1.0-
——2Zn0 = ' —a—2Zn0
0.8- —A—Sn02 £ 0.8- —o— Sn02
—a— Sn02/Zn0 & 1 —te—SN02/ZN0O
0.6+ S 0.6-
o) )
£
0.44 o 04-
b= .
Q
0.2- S 0.2-
©
E E
0.04 o 0.0-
= u T r T v T r T A T d
0 30 60 90 120 150 180 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time (ps) Time (us)





media/file4.jpg
Photocurrent (mA/cm?)

—a—2Zn0O
—e—Sn02
—A— Sn02/Zn0

Time (ps)






media/file0.jpg
(d)

Gurront Density (mAlem’)

Vottage ()






media/file2.jpg
Absorbance

o)

Normalized Photovoltage (a.s)

1.
o8
o5
o4
02
o0

(b)

100-
.
s
£
s
g —zn0
. “sno
el —snoaznol
ety o
W0 ) w0 B T T T T T

Wavelength (nm)

(d)

Wavelength (nm)

Normalized Photocurront (s.0)

% @ % 1 10 1w
Time (us).

Ts 10 15 20 25 30
Time )





