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Abstract. 
In this work, the utilization of graphene oxide (GO), reduced graphene oxide (rGO), and carbon nanotube (CNT) thin films as hole transport and electron-blocking layers in polymer/nanocrystal hybrid solar cells is demonstrated. A simple method has been used to modify the anode of hybrid solar cells by depositing these two solution-processable nanocarbon materials between poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) and transparent indium tin oxide (ITO) layers. Upon the use of an rGO interlayer, we found a substantial improvement in power conversion efficiency (PCE) from 2.5% to 3.2% due to a decrease in series resistance (). This decrease has been obtained by a careful tuning of the reduction degree of rGO, inducing optimization of the energy band alignment at the solar cell anode. In addition, charge extraction by linearly increasing voltage (CELIV) measurements show an increase in light-induced charge extraction of ca. 50%. Finally, the utilization of rGO as replacement for PEDOT:PSS is also presented. The findings reported in this work demonstrate the excellent potential of rGO as an efficient hole transport material in hybrid solar cells.

1. Introduction
Bulk heterojunction (BHJ) solar cells based on solution-processed organic-inorganic hybrid materials have several advantages, such as low-cost fabrication, high efficiency, light weight, and flexible large-area devices [1]. BHJ hybrid solar cells are in principle comparable to organic solar cells (OSCs). The main difference is that inorganic semiconductor QDs are used in replacing fullerene derivatives as electron acceptors [2]. Recent improvements in BHJ polymer/QD hybrid solar cells exceed power conversion efficiency of 4.7% [3], approaching that which is offered by its organic fullerene-based counterparts using the same donor polymer at the efficiency range of 5.24%–5.5% [4, 5]. In BHJ solar cell devices, the hole transport layer (HTL) between the photoactive layer and the electrodes plays a vital role in affecting the efficiency and stability of solar cell devices. Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is a standard material in organic electronics and especially in organic photovoltaics. It has been widely used as a HTL and acts simultaneously as an electron-blocking layer. PEDOT:PSS is also used for band energy level alignment by reducing the energy barrier between the ITO and the HOMO of the active layer material [6].
However, a severe problem reported in BHJ hybrid solar cells is the lack of long-term stability, which has been given inadequate attention by the scientific community so far [7, 8]. Therefore, simultaneously achieving high efficiency and long-term stability in BHJ solar cells has become a serious challenge. The ITO/PEDOT:PSS interface is considered to have chemical instability [9–11]. ITO anode is highly vulnerable to corrosion [12, 13] as undesired nature of hygroscopic PEDOT and acidic PSS inherently corrode ITO anodes over time [9, 14]. This condition leads to the degradation of the device performance and stability and thus may undermine the potential of PEDOT:PSS as a suitable HTL [7, 15, 16].
Several alternative materials such as trifluoropropyltrichlorosilane (TFPS), MoO3, NiO, V2O5, and WO3 have been exploited as HTLs [17]. Recently, graphene-based materials have been considered a feasible candidate for new HTL material due to their tuneable optical properties, high electrical conductivity, thermal and chemical stability, and solution processability [18]. For example, a 10 nm graphene film obtained from thermally reduced graphite oxide displays a high conductivity of 550 S/cm and an optical transparency of more than 70% between 1000 nm and 3000 nm [19]. Compared to PEDOT:PSS, aside from higher optical transparency, thin films of graphene oxide (GO) HTLs are less corrosive to the ITO electrode. On top of that, the large band gap of GO effectively inhibits carrier recombination at the electrode interface by blocking the electron flow towards the anode [17]. Eda et al. first reported the utilization of GO as a HTL in OSCs [20]. Since then, the incorporation of GO as an HTL system is generally found in OSCs. However, to our knowledge, similar results for BHJ hybrid solar cells have not been reported to date.
The solution-processed GO has emerged as the most promising way to produce large quantities of graphene-type materials [21]. GO can be obtained through the sequence of wet chemical methods, including oxidation of natural graphite to graphite oxide, then followed by the exfoliation to GO. However, this method introduces some oxygen-containing functional groups such as epoxy and hydroxyl to the basal plane of GO [22], which disrupts the sp2 conjugation, hence making GO an electric insulator [23, 24]. This limitation causes a higher series resistance () with a concomitant lower fill factor (FF) and ultimately lower photoconversion efficiency (PCE) of the resulting devices [25]. Therefore, the improvement in electrical transport properties can be simply achieved by reducing oxygen functionalities from GO, which simultaneously alters GO work function (WF) [26]. The reduced GO (rGO) can be obtained by thermal annealing or chemical reduction reactions [27–29]. It is well documented that the rGO WF is strongly dependent on the oxygen content [24]. The high residual oxygen content leads to larger WF [30–32], while surface functionalization due to introduction of electron-donating groups (EDG) (e.g., thiol (SH)) in GO decreases the WF [33].
Our work is aimed at providing a suitable solution-processed rGO layer that is compatible with device fabrication techniques of BHJ hybrid solar cells. In the present study, we demonstrate the utilization of rGO thin films in HTL of BHJ hybrid solar cells. Two different schemes were investigated: (I) rGO was incorporated as a buffer layer between ITO and PEDOT:PSS and (II) rGO was used as a direct replacement for PEDOT:PSS. For the buffer layers, three different GO reduction approaches were observed which represent the three different degrees of reductive environments: weak, medium, and strong. Consequently, it was expected to produce three different WFs which affect the overall performance of photovoltaic devices. The devices employing thermal buffer layers of treated rGO thin films yielded efficiency values that are higher than those of devices using solely PEDOT:PSS as the HTL. In addition, films out of multiwalled carbon nanotubes (MWCNT) were also assigned as the HTL for comparison purposes.
2. Materials and Methods
Thiol-functionalized rGO was synthesized by refluxing GO together with phosphorus pentasulfide (P4S10) in dimethylformamide (DMF) (≥99.8%, Carl Roth) at 120°C under vacuum for 24 hours. The thiolated GO flakes were filtered by a Whatman NL16 polyamide 0.2 μm membrane. The products were then redispersed in DMF and sonicated to obtain a stable suspension of 1 mg/mL.
Aqueous suspension of MWCNTs was obtained according to the procedure reported in the literature [34]. In brief, pristine MWCNTs (Baytubes, Bayer Material Science) were sonicated for 24 hours at 70°C in a mixture of concentrated HNO3 and H2SO4 with the volume ratio of 3 : 1. Afterwards, oxidized MWCNTs were intensively washed with water and then centrifuged several times for one hour at 4000 rpm until pH ~7 value was reached. The precipitates of MWCNTs were redispersed in DI water and sonicated for 1 h to obtain a homogeneous aqueous suspension at 0.02 mg/mL.
Highly crystalline CdSe QDs with an average diameter of 6 nm were synthesized by a hot injection method, according to the procedure reported by Yuan et al. [35]. CdSe QDs showed a full width at half maximum (FWHM) value of 24.5 nm, a first excitonic absorption peak at about 630 nm, and a PL emission at 645 nm. Postsynthetic treatment was conducted on CdSe QDs using hexanoic acid. The detailed washing procedure has been published elsewhere [36]. Afterward, CdSe QDs were dissolved in chlorobenzene (CB) at a concentration of 20 mg/mL.
The devices were fabricated on a structured ITO substrate (≤10 Ωsq, Präzisions Glas & Optik GmbH), which was pretreated for 15 min with oxygen plasma. HTL was configured in the following fashion: ITO/MWCNT/PEDOT:PSS, ITO/rGO/PEDOT:PSS, ITO/CNT, and ITO/rGO, whereas ITO/PEDOT:PSS served as the reference configuration. For the buffer layer rGO/PEDOT:PSS, three reduction approaches of rGO films were performed, namely, condition (a), condition (b), and condition (c). In condition (a), the rGO film was obtained from the spin coating of GO solution followed by thermal reduction at 300°C for 1 hour in air. Condition (b) was similar to condition (a), except that the reductive annealing was performed in a nitrogen atmosphere (glove box). As for condition (c), the rGO film was obtained from a chemical reduction by thiol functionalization, followed by thermal annealing at 300°C for 1 hour in air, as reported in the literature [34]. These nanocarbon-based materials were spin-coated at 1100 rpm for 30 s, followed by an additional 1 min drying step at 3000 rpm. PEDOT:PSS (Baytron AI4083 HC Starck) was dissolved in isopropanol and spin-coated at 3000 rpm for 30 s. A photoactive layer of CdSe QDs:PCPDTBT with chlorobenzene as a solvent was spin-coated at 1100 rpm for 30 s, followed by an additional drying step at 3000 rpm for 1 min, resulting in an overall active layer thickness of about 80 nm. To form electrical contacts, an aluminum cathode layer of about 80 nm in thickness was deposited by thermal evaporation.
UV-Vis absorption spectra were determined using a TIDAS 100 J&M diode-array spectrometer (Spectralytics, Aalen, Germany). Current density versus voltage (-) characteristic was measured by a computer-controlled Keithley 2602 source meter measurement system under 100 mW/cm2 illumination with a solar simulator (LOT-Oriel LSH102) using an AM1.5G filter. CELIV measurements were performed using the all-in-one measurement platform Paios from Fluxim AG.
3. Results and Discussion
3.1. Characterization of Nanocarbon Films
SEM micrographs of different nanocarbon assemblies deposited onto ITO are shown in Figure 1. It can be observed that the size of the GO sheets (Figure 1(a)) varies from hundreds of nanometer square to 10 μm2, resulting in an average size of 4.2 μm2. After mixed-acid oxidation and simultaneous ultrasonication for 24 hours, the original lengths of MWCNTs have been shortened from 1–2 μm to an average length of .
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Figure 1: SEM images of as-prepared GO sheets (a) and MWCNTs (b).


The optical properties of nanocarbon films have been investigated prior to their utilization in solar cell devices. The transparent nanocarbon thin films of GO and CNT were spin-coated onto ITO glass substrates and then annealed for 1 hour at 300°C under an atmospheric environment. Hence, the GO films produced at this step are considered rGO. The AFM images and morphological profiles of nanocarbon films after annealing are displayed in Figure 2. For comparison, an AFM image of the ITO glass is also featured.
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Figure 2: AFM images and height profile of (a) ITO, (b) ITO/MWCNT, and (c) ITO/rGO.


Based on the images in Figure 2 and extracted surface roughness values in Table 1, it is inferred that CNT films possess higher surface roughness as compared to rGO films. Transparency is another important parameter in HTL applications [37]. It is imperative to produce highly transparent nanocarbon films so that an optimal amount of photons can be transmitted towards the photoactive layer. The transparency of different nanocarbon films deposited onto ITO has been measured. The UV-Vis transmission spectra of CNT films and GO films onto the ITO film as well as PEDOT:PSS are illustrated in Figure 3. It is observed that in the range of 600 nm–800 nm, the nanocarbon films deposited onto ITO have reasonably high light transparencies as a large portion of the light is transmitted towards the photoactive layer. However, at a wavelength around 650 nm, CNT on ITO shows a reduction in transmission by 2%, while PEDOT:PSS on ITO shows a reduction in light transmission of ca. 5%, and rGO on ITO exhibits the most reduced light transmission by ca. 8%. These results imply that several layers of GO have been deposited onto the ITO glass substrate as it has been reported that every single layer of GO can reduce light transmission of about 2.3% [38].
Table 1: The arithmetic average () and root mean square values () determined from AFM measurements of ITO, ITO/MWCNT, and ITO/rGO samples.
	

		Surface roughness  (nm)	Surface roughness  (nm)
	

	ITO	2.82	3.51
	ITO/MWCNT	5.33	7.39
	ITO/rGO	2.92	3.68
	







			
			
			
		
			
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		Figure 3: Light transmission of the PEDOT:PSS HTL film and nanocarbon films of CNT and rGO, in comparison to an uncoated ITO film.


3.2. Hybrid Solar Cell Devices with Nanocarbon Films as Buffer and HTL Layers
All the hybrid solar cell devices were fabricated as described in Materials and Methods. The schematic designs of the different devices are displayed in Figure 4. Typical current-voltage characteristics of the devices are shown in Figure 5. The respective device performance parameters are summarized in Table 2.
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Figure 4: Schematic structures of utilized solar cell devices based on different HTL configurations: (a) without any HTL, with HTL of (b) PEDOT:PSS, (c) CNTs, (d) rGO, and with a nanocarbon buffer layer of (e) CNT and (f) rGO between ITO and PEDOT:PSS.






			
			
			
			
		
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		Figure 5: Typical - curves of hybrid solar cell devices with different HTL configurations.


Table 2: Summary of device performance parameters of five types of hybrid solar cells with different HTL configurations.
	

	HTL	 (V)	 (mA/cm2)	FF	PCE (%)	 (Ωcm2)	 (Ωcm2)
	

	No-HTL	0.4	0.8	0.4	0.1	413.0	126.0
	PEDOT:PSS	0.7	7.0	0.5	2.5	515.5	16.3
	CNT	0.4	6.7	0.4	1.0	166.9	27.3
	rGO	0.7	6.1	0.4	1.7	403.2	31.3
	CNT/PEDOT:PSS	0.6	6.7	0.4	1.7	303.3	26.3
	rGOa/PEDOT:PSS	0.7	9.5	0.5	3.2	473.9	10.3
	rGOb/PEDOT:PSS	0.6	6.5	0.6	2.2	448.0	20.0
	rGOc/PEDOT:PSS	0.7	4.2	0.4	1.2	431.1	41.7
	


rGOa: thermal reduction in air at 300°C for 1 hour. rGOb: thermal reduction in a nitrogen environment at 300°C for 1 hour. rGOc: chemical reduction by thiol functionalization followed by annealing in air at 300°C for 1 hour.


Parameters representing resistivity of a material such as shunt/parallel resistance () and series resistance () are useful to further evaluate the device performance, especially in the context of investigating electric contact properties on the interface between the anode and the photoactive layer. The ideal solar cell device should have  values close to zero, while high  is generally preferable. It has been reported that the increasing  is usually concurrent with a decreasing  and vice versa [39–42]. It is known that contact resistance and charge recombination processes are responsible for the increase in  and the decrease in . The low values of  are leading to leakage of some current and hence to power losses. The high values of  are also responsible for low  values. Many reports have concluded that  plays a dominant role in determining the efficiency of solar cells [43, 44]. Low  values contribute to the increase in electron mobilities in the active layer, ultimately leading to higher PCE values [45].
The lowest PCE of about 0.1% has been displayed by devices without any HTL (Figure 4(a)), attributable to an interface effect that induces  values of ca. 126 Ωcm2 [46]. This high  value results in an extremely low  of 0.8 mA/cm2. The use of HTL layers out of CNT (Figure 4(c)) and GO (Figure 4(d)) between ITO and the photoactive layer improves the device performance. Compared to the devices without HTL, nanocarbon HTL significantly contributes to lower  values of 27.3 Ωcm2 and 31.3 Ωcm2 using HTL layers out of CNT and GO, respectively. These results lead to a significant improvement in  of up to 6.7 mA/cm2 and 6.1 mA/cm2 for CNT-based and GO-based devices, respectively. However, PEDOT:PSS as reference HTL (Figure 4(b)) offers lower  values of 16.3 Ωcm2, which corresponds to a  value of 7.0 mA/cm2. Ultimately, it is evident that a nanocarbon film HTL could enhance PCE from 0.1% (without HTL) to 1.0% and 1.7% for CNT- and rGO-based devices, respectively. In comparison to the performance of rGO-based devices, the relatively low PCE of a CNT-based device is attributed to relatively poor conductivity of the CNTs in question. It has been reported that apart from length shrinkage, the mixed-acid oxidation of MWCNTs also significantly lowers their overall electrical conductivity [47].
Importantly, a remarkable enhancement of PCE was offered by the use of rGOa/PEDOT:PSS HTL configuration (Figure 4(f)), revealing a PCE value of 3.2% which is substantially higher than that achieved by PEDOT:PSS-based devices (PCE of 2.5%). This indicates that the thermally reduced rGO buffer layer at an ambient environment was capable of overcoming the energy barrier between ITO and PEDOT:PSS, resulting in an improved hole extraction as illustrated in Figure 6.
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Figure 6: Illustration of energy level alignment of devices with (a) PEDOT:PSS as the HTL, (b) PEDOT:PSS HTL, and rGO buffer as a layer. The work function value of thermally reduced GO of about 4.8 eV is taken from Reference [32].


Figure 6 illustrates the energy level of solar cells with PEDOT:PSS as the HTL and rGO buffer layer. Based on the literature, WF values of ITO and PEDOT:PSS are 4.7 eV [48–50] and 5.0 eV [51], respectively. HOMO and LUMO levels of PCPDTBT are -5.3 eV and -3.5 eV, respectively, and were adapted from Reference [52]. It has been reported that 6 nm CdSe QDs have valence and conduction band edges of about -5.59 eV and -3.62 eV, respectively [53]. The simplest method of GO reduction is achieved by thermal annealing in the air (a). However, it has been found that the oxygen content at the GO surface cannot be easily removed, even at an elevated temperature up to 1100°C and ultrahigh vacuum [54]. It has been reported that annealing of GO at 350°C caused a WF decrease by 0.3 eV [32]. Starting from a pristine GO with a reported WF of about 5.0-5.1 eV [55, 56], the WF is lowered after annealing to 4.7-4.8 eV [32].
3.3. CELIV Measurements
In order to understand the role of the thermally reduced GO buffer layer in enhancing the performance of solar cell devices, CELIV (charge extraction by linearly increasing voltage) measurements have been performed at Fluxim AG [57]. The reference device, which is based solely on PEDOT:PSS as the HTL, is compared to a device with an additional thermally reduced GO buffer layer. The plots of extracted charges versus light intensity from CELIV measurements are depicted in Figure 7. In Table 3, the extracted charges in the dark and under illumination are summarized additionally.




			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		Figure 7: The plot of extracted charges vs. light intensity of a hybrid solar cell device based on PEDOT:PSS HTL (reference cells) and cells containing an additional rGO buffer layer.


Table 3: Summary of extracted charges in the dark (QD) and under illumination (QL), calculated amount of additionally extracted charges due to illumination (QL-QD), and the ratio of these charges to charges extracted in the dark (QL–QD)/QD of a solar cell device with PEDOT:PSS as the HTL and a device with an additional rGO as the buffer layer.
	

		Extracted charges in the dark (QD) ( cm-3)	Extracted charges under illumination (QL) ( cm-3)	(QL-QD) ( cm-3)	(QL-QD)/QD
	

	PEDOT:PSS				5.92
	rGOa/PEDOT:PSS				8.72
	



It is observable in Figure 7 that the amount of extracted charges increases along with the increase in light intensity. Interestingly, the increase in extracted charges in the device with a rGOa buffer layer is more striking as compared to that in the reference cell. This result is confirmed by the ratio of charges extracted due to illumination (QL-QD) to charges extracted in the dark (QD) for the device with a rGOa buffer layer of about 8.72, while PEDOT:PSS-based devices display only a ratio of 5.92 (Table 3). It indicates that the charge extraction in polymer/CdSe QD solar cell devices is more efficient when an additional rGO buffer layer is inserted between PEDOT:PSS and the photoactive layer.
3.4. Influence of the GO Buffer Layer Reduction Degree on the Solar Cell Device Performance
As the enhanced performance was exhibited, the effect of GO reduction on the performance of hybrid solar cell devices was further scrutinized. Two other procedures of GO reduction are utilized, resulting in the three different degrees of GO reduction. The first is weak reduction (a), accomplished by thermal reduction in air at 300°C for 1 hour. The second is medium reduction (b), referring to thermal annealing in a nitrogen environment at 300°C for 1 hour. The third one is strong reduction (c), obtained by a combination of chemical and thermal reductions, in which GO is chemically reduced via thiol functionalization followed by thermal annealing under air atmosphere at 300°C for 1 hour. The - curves of the devices based on the three different reductive degrees are shown in Figure 8.




			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		Figure 8: - curves of typical hybrid solar cell devices based on three different reduction conditions for the rGO buffer layer: (a) rGOa: thermal reduction in air, (b) rGOb: thermal reduction in a nitrogen atmosphere, and (c) rGOc: a combination of chemical and thermal reduction.


Figure 8 clearly shows the effect of the rGO reduction degree on the device performance of hybrid solar cells. Apparently, the PCEs of the solar cell devices decrease following the reduction degree of the GO buffer layer. The weakly reduced GO, which is obtained by annealing in air at 300°C, exhibited the best device performance as compared to its two counterparts with a higher reduction degree. This approach results in  of as high as 9.52 mA/cm2, corresponding to PCE of ca. 3.21%, which is the highest value in this work. Medium reduction of GO, which is achieved by annealing inside a nitrogen-filled glove box, leads to the rGO buffer layer with a lower  and PCE of about 6.47 mA/cm2 and 2.19%, respectively. The performance is observed in strongly reduced GO, by thermal annealing of chemically thiolated rGO, and is leading to a device with  of 4.26 mA/cm2 and a PCE of 1.19%.
We suggest that the aforementioned phenomena are the results of WF dependence on the degree of reduction. The WF from annealing under air atmosphere (weak reduction) is relatively different from that obtained in a nitrogen-filled glove box (medium reduction). The reduction in a nitrogen-richenvironment of a glovebox is comparable to that in NH3 [58] and the hydrazine method [54]. By these methods, N-doped graphene with WF of ca. 4.2 eV was obtained [59–62]. Therefore, strong reduction is obtained under condition (c), and it is expected to bring about a much lower WF. It has been reported that thiol (-SH) groups inserted in GO would lower the WF down to 4.0 eV [63]. The illustration of energy level diagrams of hybrid solar cell devices based on rGO buffer layers with different degrees of reduction is depicted in Figure 9. Their WF values have been adopted from literature.
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		(c) Strong reduction
Figure 9: Illustration of the energy level of utilized solar cell devices based on the three different reduction degrees of rGO buffer layers. Lower WF of medium (b) and strong (c) reduction is resulting in a mismatch of the energy levels leading to a barrier for hole transport and hole extraction. As a consequence, more recombination processes at the interface are occurring.


One can infer from Figure 9 that the WF of a weakly reduced GO (rGOa) is preferred as a buffer layer, while both moderate reduction (rGOb) and strong reduction (rGOc) of GO produce layers with lower WFs, resulting in a mismatch of energy level which limits hole transport and hole extraction to the anode. In these cases, charges are accumulating at the donor-acceptor interface, leading to increased bimolecular charge recombination. Ultimately, charge recombination produces low current density and PCE values.
Figure 10 further illustrates another consequence of the mismatch of band level alignment. With increasing degree of reduction of rGO,  becomes substantially higher, while  slightly decreases. It has been reported that higher  values constitute poor charge transport, promoting charge recombination processes [64]. Ultimately, this charge recombination as a result of low WF of rGO would lower  and, in turn, the overall PCE values for hybrid solar cell devices as shown in Table 1.




			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
		Figure 10: Influence of the reduction degree of rGO buffer layers on  and  of respective devices.


4. Conclusions
In summary, the PCE enhancement of hybrid BHJ solar cells by ca. 30% has been facilitated using rGO as an additional buffer layer. This layer is inserted in between the ITO anode and the PEDOT:PSS layer. The enhancement was achieved as a result of an optimized energy level alignment, leading to a better hole extraction which was confirmed by CELIV measurements. This is accompanied by a significant decrease in  and an increase in . It is also shown that the degree to which GO is reduced strongly affects the performance of solar cell devices. Devices with thermally reduced rGO buffer layers exhibited the highest PCE value of up to 3.2%, while reference cells employing solely PEDOT:PSS as the HTL reached PCE values of only 2.5%. The superior performance of devices with an additional rGO buffer layer can be attributed to the betterment of charge extraction towards the anode. The PCE of devices based on solely rGO films as HTLs is only 30% lower than that of a PEDOT:PSS-based reference device. Further tuning of the work function is possible and might lead to further device improvements. This work demonstrates the excellent potential of solution-processed rGO as an alternative HTL material in hybrid BHJ solar cells. It should also be noted that our findings in this work might also pave the way for applications in various solar cell types as well as other optoelectronic applications.
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