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We report on the photovoltaic properties of air-stable inverted organic solar cells in which zinc oxide (ZnO) of varying thicknesses is formed as the electron-transport layer by an atomic layer deposition (ALD) method. The device performance was found to be dependent on the ZnO thickness. Air-stable inverted solar cells with an optimized ZnO thickness reached a power conversion efficiency of 2.91%. This efficiency was found to be comparable to those of conventional organic solar cells. The use of the ZnO electron-transport layer led to improved air stability: the power conversion efficiencies of unencapsulated organic solar cells remained above 80% of their original values even after storage in air for thirty days. © 2012 The Electrochemical Society. [DOI: 10.1149/2.005201ssl] All rights reserved. Manuscript submitted March 2, 2012; revised manuscript received March 27, 2012. Published July 17, 2012.



Organic solar cells (OSCs) have attracted much attention recently because of their advantages in solution processes, their low cost, and their compatibility with flexible substrates.1–5 In general, OSCs with conventional structures are composed of a photoactive layer sandwiched between an indium tin oxide (ITO) electrode and a top metal electrode with a low work function. The performance of such devices is degraded quickly because of the hygroscopic nature of the hole-transport layer of poly(3,4-ethylene dioxythiophene doped with polystyrene sulfonate) (PEDOT:PSS),6,7 and the oxidation of the top metal electrode during exposure in ambient conditions; the resulting oxide layer has been shown to produce an insulating barrier that reduces the conductivity of the electrode, effectively increasing the serial resistance of the device.8,9 For these reasons, an OSC device with an inverted geometry has been proposed.10,11 The inverted OSC showed better long-term air stability under ambient conditions through the use of inorganic materials functioning as the electron-transport layer interposed between the ITO cathode and the photoactive layer of zinc oxide (ZnO),12,13 titanium oxide (TiOx ),14,15 or aluminum oxide (Al2 O3 ).16 Inorganic materials are used as electron transport layers on top of the ITO cathode because of their large bandgaps and good electron-extraction properties. Here, we employed an air-stable inverted OSC structure using ZnO prepared by atomic layer deposition (ALD) as the electrontransport layer. The use of the ALD deposition method is appropriate for controlling the thickness because it uses a self-limiting process that allows layer-by-layer growth, and therefore, the growth of layers with very precise thicknesses can be achieved on the nanometer scale. In addition, ALD is expected to produce defect-free, uniform, and highly conformal films.17–19 We studied the structural, electrical, and optical properties of ZnO layers with different thicknesses in inverted OSCs. The photovoltaic performance was found to be dependent on the thickness of the ZnO layer. Air-stable inverted solar cells with an optimized ZnO thickness reached a power conversion efficiency of 2.91%, and the device performance remained at approximately 80% of the original value even after storage in air for thirty days. ZnO thin films were prepared on ITO glass substrates using traveling-wave-type ALD (Lucida D100, NCD Technology, Korea) at a deposition temperature of 150◦ C and a pressure of 0.5 torr. Diethylzinc (DEZ, Mecharonics Co. Ltd.) and H2 O were used as the zinc precursor and oxygen reactant, respectively. For a uniform supply, both DEZ and H2 O were cooled to 10◦ C using a Peltier module, and were delivered to the reactor with N2 carrier gas at a flow rate of 50 sccm. Since the vapor pressures of DEZ (15.95 torr) and H2 O (23.8 torr) are very high even at room temperature (25◦ C), they needed to
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be cooled down for the deposition pressure to be maintained during ALD. One deposition cycle of ZnO ALD consisted of four steps: (i) exposure to the DEZ precursor, (ii) a purge pulse with 50-sccm N2 , (iii) exposure to H2 O vapor mixed with N2 , and (iv) another purge with 50-sccm N2 . This cycle was repeated as many times as necessary to obtain the desired film thickness. The poly(3-hexylthiophene) (P3HT):[6,6]-phenyl-C61 butyric acid methyl ester (PCBM) blend solution was prepared in a 1:1 mass ratio in 1,2-dichlorobenzene (20 mg/mL P3HT and 20 mg/mL PCBM) without any additives. The active material was then coated on the ZnO layer with an average thickness of ≈250 nm using a spin-coating process (spin speed of 600 rpm for 40 s) in a glove box. Subsequently, the solvent was evaporated over a period of 2 h, and pre-annealing was carried out at 150◦ C for 20 min in a glove box. As the hole-selective layer, a PEDOT:PSS aqueous dispersion solution was spin-coated at 5000 rpm onto the active layer. The 120-nm Ag electrode was evaporated below 10−6 torr on the PEDOT:PSS layer through a shadow mask that defined the effective area as 0.38 cm2 . The current voltage (J–V) characteristics were measured with a Keithley 2400 source meter in the dark or under 100-mW/cm2 (AM 1.5G) irradiation from a solar simulator (Pecell Technologies Inc., PEC-L11 model). For each set of experimental conditions, we fabricated over 10 devices, and we report the average PCE parameters together with their standard deviations. The film thickness and coverage were measured by high-resolution transmission electron microscopy (HRTEM, JEOL JEM 2100 microscope, Japan) at an accelerating voltage of 200 kV. The crystalline structure of ZnO was investigated using HRTEM and X-ray diffraction (XRD, D8 ADVANCE, Bruker, Germany) with Cu-Kα radiation at 1.5405 Å. The film composition was analyzed using 9.0-MeV He2+ Rutherford backscattering spectroscopy (RBS, 6-SDH, NEC, Japan) and Auger electron spectroscopy (AES, SAM4300, Perkin Elmer, USA). From the AES and RBS analyzes, the carbon impurity in the as-deposited ZnO film was found to be below the detection limit (


Downloaded on 2012-07-17 to IP 134.75.192.99 address. Redistribution subject to ECS license or copyright; see www.esltbd.org



Q2



ECS Solid State Letters, 1 (1) Q1-Q3 (2012)



Figure 1. (a) Dependence of ZnO film thickness on the number of ALD cycles; ZnO films prepared on ITO substrates at a deposition temperature of 150◦ C. (b) XRD patterns of ZnO films depending on the film thickness, prepared on ITO substrates. The scan axis was 2θ mode, and the scan rate was 3◦ /min.



is called the “transient region,”20 and is known to be due to the low probability of adsorption of the metal-organic precursor on the starting substrate compared to on the growing homogeneous film. Indeed, the growth rate of ZnO was about 0.057 nm/cycle up to 60 cycles, which was slightly lower than the growth rate (0.078 nm/cycle) obtained in the linear region. Figure 1b shows the effect of the thickness on the crystallinity of the ALD-ZnO films. When the thickness of the ZnO film was 1.5 nm, the film was almost amorphous. As the thickness of the ZnO film increased from 3.4 to 7.2 nm, ZnO (100) peaks started to appear, although the peaks are not clear. However, ZnO (100), (002), and (101) peaks were clearly observed for the 14.2-nm ZnO films, and these ZnO peaks were identified as wurtzite structures according to the Joint Committee on Powder Diffraction Standards (JCPDS) files. Figure 2 shows HRTEM images of the ZnO films with thicknesses of (a) 1.5 nm, (b) 3.4 nm, and (c) 7.2 nm, prepared on ITO substrates. The upper images show enlarged views of the HRTEM images for identification of the detailed microstructures of the ZnO films. All the ZnO films were continuous and uniformly deposited on the ITO substrates, even for the thickness of 1.5 nm. The HRTEM image of the 1.5-nm ZnO in Fig. 2a shows that the film had an amorphous structure. Although the crystallinities were not clear from the XRD results, the ZnO films with thicknesses of 3.4 and 7.2 nm were well crystallized, as seen in the lattice fringes in the HRTEM images (upper images) of Figs. 2b and 2c. Thus, the crystal structure of ZnO was changed from amorphous to polycrystalline by increasing the film thickness, and the transition thickness for crystallization was between 1.5 and 3.4 nm. Similar thickness-dependent crystallization behavior was also observed in the case of ALD-TiO2 films using titanium tetraisopropoxide (TTIP) and H2 O.21 From this observation, the thickness-dependent crystallization behavior of the ZnO films was



Figure 2. HRTEM images of ZnO films prepared on ITO substrates with thicknesses of (a) 1.5 nm, (b) 3.4 nm, and (c) 7.2 nm. The upper images are views of the HRTEM images enlarged for identification of the film crystallinity.



also responsible for the low growth rate of the ZnO films in the early stages of film growth. Therefore, the film thicknesses need to be controlled carefully through consideration of the early stages of film growth when the film thickness is rather small, even though the ALD technique is used. To study the dependence of the photovoltaic performance on the thickness of the ZnO layer in devices, we fabricated inverted OSCs with the general structure glass/ITO/ZnO/P3HT:PCBM/ PEDOT:PSS/Ag. Figure 3a shows the J–V characteristics of such devices with varying thicknesses of the ZnO electron-transport layer. The 1.5nm ZnO device exhibited a power conversion efficiency of 2.23% ± 0.12 with a fill factor (FF) of 44%. The short-circuit current density (Jsc ) and open-circuit voltage (Voc ) were 9.59 mA/cm2 and 0.53 V, respectively. However, the 3.4-nm ZnO device exhibited a power conversion efficiency of 2.91% ± 0.23, with Jsc = 10.01mA/cm2 , Voc = 0.59 V, and FF = 49%. The devices possessing a crystallinephase ZnO layer exhibited better photovoltaic performances than those derived from an amorphous ZnO layer; this is attributed to the increased electron mobility and decreased charge recombination between the ITO electrode and the P3HT:PCBM active layer.22,23 Therefore, the 3.4-nm ZnO layer is expected to work as an efficient electron-collecting layer. Devices with a thicker 7.2-nm ZnO layer show a smaller Jsc value of 9.09 mA/cm2 and a power conversion efficiency of 2.63% ± 0.10. It can be seen clearly that there are prominent changes in the short-circuit current density (compared to the device with 3.4-nm ZnO, which showed a 10% decrease). The trend in current density is consistent with the variation in the transmittance of the ZnO layers used in the devices. The optical transmittance spectra of ZnO layers of different thicknesses are shown in the inset of Fig. 3a. Finally, we examined the air stability of our best-performing inverted OSC after its exposure to air. Figure 3b shows the changes in power conversion efficiency and current density with time for the inverted OSC with a 3.4-nm ZnO layer. The devices were stored under ambient conditions without encapsulation for stability testing according to the recently reported protocol (ISOS-D-1).24,25 The power conversion efficiency of the inverted OSC with ZnO as the electron-transport layer remained at approximately 80% of its original value, even after storage in air for thirty days. The stabilities of our inverted devices are comparable to those of the recently reported devices based on metal-oxide electron-transport layers.26,27 The use of ZnO as the electron-transport layer in OSCs yields a significant improvement in their air stability. In summary, efficient and air-stable OSCs with the inverted structure, using ZnO prepared by the ALD method as the electron-transport layer with varying thicknesses, were fabricated. The device performances were found to be dependent on the ZnO thickness. Air-stable inverted solar cells with an optimized ZnO thickness reached a power conversion efficiency of 2.91%. The power conversion efficiency of the inverted OSC with ZnO as the electron-transport layer remained at approximately 80% of its original value, even after storage in air
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Figure 3. (a) J–V characteristics for inverted OSCs with various thicknesses of the ZnO electron-transport layer. Inset: Transmission spectra of ZnO layers depending on the film thickness. (b) Changes in power conversion efficiency and current density with time for inverted OSC with a 3.4-nm ZnO electron-transport layer. Inset: Schematic diagram of the inverted OSC configuration incorporating ZnO as the electron-transport layer.
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