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Abstract 

Graphene is a promising transparent conducting electrode (TCE) for organic photovoltaics (OPVs) due 
to its outstanding optical and electrical properties. However, the high cost and complexity of graphene 
synthesis on transparent substrates as well as the use of hazardous carbon sources limits the large-
scale application of graphene TCEs. This work reports a single-step synthesis of graphene TCEs on glass 
substrates for OPVs from plant extract by Radio frequency plasma enhanced chemical vapour 
deposition. This approach provides fast, cheap, and catalyst-free production of graphene from a 
sustainable and environmentally-friendly carbon resource.The as-prepared graphene films reveal high 
quality structure with promising optical and electrical properties. Inverted OPV devices built on the 
as-synthesized graphene TCEs exhibit  80% of the power conversion efficiency of their indium tin oxide 
counterparts, and higher short circuit current density and open circuit voltage. 
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1.  Introduction 

Transparent conductive electrode (TCE) is a fundamental constituent for OPVs which 
transmits the incident sunlight towards the photoactive layer and collects the photo-generated charge 
carriers. Indium tin oxide (ITO) is the most commonly-used TCE for OPVs and other optoelectronics 
due to its high optical transmission and low sheet resistance [1-3]. However, the  high production cost, 
brittle nature, and the rarity of indium represent the main limitations of ITO as TCE for optoelectronics 
[4-7]. The production of ITO accounts for 30% of the overall fabrication cost of an OPV device [8-11].  
In addition, 87% of the total energy needed for the roll-to-roll manufacturing of OPVs is consumed 
during ITO  deposition by vacuum sputtering [12]. Therefore, intensive research has been conducted 
over the past few years to develop ITO-free OPVs [6, 13-17]. Various TCEs have been proposed to 
replace ITO such as conducting polymers [18], metal thin films [19, 20], and metal oxides [21]. 
Moreover, 1 dimensional  and 2 dimensional materials such as metal nanowires (NWs) [22, 23], carbon 
nanotubes (CNTs) [24], and graphene [25] have emerged as excellent TCE candidates. Graphene 
possesses outstanding optical and electrical characteristics which make it a perfect choice to replace 
ITO [26-28]. Nonetheless, the high cost and complexity associated with the multi-step graphene 
synthesis limit its large-scale application as TCE.    

Several methods have been used to produce graphene TCEs for OPVs including chemical vapor 
deposition (CVD) [29-32], electrochemical exfoliation [15], spin [33] and spray [34] coating, and hot 
pressing. More details on these methods can be found in the systematic review by Garg et al. [25]. 
Among the abovementioned methods, CVD is the most common technique used to produce graphene 
TCEs for OPVs due to the high quality of the resulting graphene films [25, 35-37]. CVD uses a gaseous 
carbon source, mainly methane and ethane, and a carrier gas such as H2 to produce graphene 
nanosheets on catalyst substrates such as copper and nickel at temperatures reaching 1000 oC. The 
synthesized graphene films are then transferred, in a multi-step procedure, onto glass or flexible 
substrate for TCE applications. The transfer process can result in significant deterioration to the 
graphene properties [25]. For damage-free transfer of graphene, highly-complicated and time 
consuming procedures such as that based on poly (methyl methacrylate) (PMMA) should be used. This 
transfer approach is based on the spin coating of PMMA support layer on top of the graphene: metal 
substrate which adheres firmly to the graphene layer to facilitate the removal of the metal substrate 
without considerable damage to graphene morphology. On the other hand, this transfer method 
includes multiple steps which can last for few days [38-41]. 
  

CVD-based graphene TCEs have major limitations such as the high cost and the complexity of 
synthesis and/or transfer procedures. In addition, many environmental hazards are associated with 
the use of unsustainable carbon sources (e.g. methane and ethane). Plasma enhanced (PE) CVD 
enabled graphene synthesis at lower temperatures on various substrates including glass. For example, 
a few studies reported the direct synthesis of graphene TCEs on glass using RF-PECVD for dye-
sensitized solar cells [42] and on polyestersulfone (PES) substrate for flexible perovskite solar cells 
(PSCs) [43]. Moreover, Wei and co-researchers [44] prepared graphene films for PSCs on different 
glass substrates at temperatures (600-750 oC) using copper-foam-assisted PECVD approach. However, 
all of those approaches [42-44] were based on an environmentally-hazardous carbon source 
(methane), carrier gases and long reaction times of two to three hours. Moreover, in case of graphene 
synthesis on PES [43], a thin layer of titanium was deposited first on the PES substrate by DC sputtering 
at 150 oC in an Ar/H2 atmosphere prior to the RF PECVD step which in its turn increases the overall 
cost and complexity of the procedure. The resulting graphene films in ref. [44] had high defect 
concentrations with ID/IG ratio in the range of 1.4 - 1.6. Consequently, an additional two-step 
procedure was followed to improve the characteristics of the as synthesized graphene films using 



AgNWs and PH1000. Thus, more research is needed to address the aforementioned issues related to 
the existing approaches before large-scale commercialization of CVD-graphene TCEs for OPVs and 
other optoelectronics. Currently, there is need for direct synthesis of graphene TCEs for OPVs that can 
overcome the existing limitations.  

In this manuscript, the feasibility of developing single-step synthesis of graphene TCEs for 
OPVs on commercial glass from an environmentally-friendly, cheap and sustainable resource of plant 
extract by RF PECVD is systematically studied. The reported approach enabled the rapid synthesis of 
large-area graphene films at 600 oC without a catalyst or carrier gas via a two-minute reaction. The as-
prepared films have shown uniform coating with low structural defects, high optical transmittance, 
and medium sheet resistance. Inverted geometry OPV devices based graphene electrodes were 
investigated and compared to ITO-based (reference) counterparts. The graphene-based OPVs have 
shown a promising performance with higher short circuit current density (JSC) and open circuit voltage 
(VOC) and realizing 80% and 78% of the power conversion efficiency (PCE) and fill factor (FF) of the 
reference device, respectively. Therefore, the obtained results confirm that reported approach is an 
excellent step-forward towards the large-scale, time- and cost-effective and sustainable production 
of graphene TCEs for OPVs and other optoelectronic devices. 
 
2. Experimental Methods  

2.1. Fabrication of graphene electrodes  

Graphene electrodes were prepared by RF PECVD method from pelargonium graveolens 
precursor (more details on the precursor can be found in Table S1 and Fig. S1 and S2, supporting 
information) on commercial glass substrates. Prior to fabrication, substrates were cleaned through 
successive ultra-sonication in DI water with detergent, DI water, acetone, and isopropyl alcohol for 10 
minutes each. A custom-made RF PECVD reactor and a heater was used to synthesize graphene 
electrodes. A representative image to the RF PECVD used in the present research can be found in Fig. 
S3. The reactor is connected to a vacuum pump at one side while the other side is connected to the 
precursor inlet. The precursor vapor molecules reach the reaction zone under the influence of vacuum 
without the need to heat the precursor due to its volatility at room temperature. The desired RF power 
is applied to the reactor from CESAR 1312 RF power generator at a fixed frequency of 13.56 MHz 
through two copper rings (electrodes) via matching unit (Navio RF matching network – Advanced 
Energy -M/N 3155401-002 C). Graphene samples were prepared at various RF input powers (200, 300, 
and 500 W) at a temperature of 600 oC, a pressure of 5×10-2 mbar and deposition time of two minutes. 

2.2. Fabrication of OPV devices  

Inverted architecture OPV devices were fabricated with the structure glass/ 
graphene/ZnO/Active layer/MoO3/Ag. In this work, two different active layers based on P3HT: PC70BM 
and PM6: Y6 were employed.  A control (reference) device with typical structure was fabricated on 
ITO-coated glass, for comparison. For graphene-based devices, a relatively thick silver layer was first 
deposited using thermal evaporation on top of one side of the substrate to resist the removal of ZnO 
sol-gel and P3HT: PC70BM after spin coating to define the cathode. For the reference OPV device, non-
patterned ITO-coated glass substrates were utilized. The ITO substrate was immersed in a mixture of 
HCl: HNO3: deionized water (2: 1: 2 vol./vol.) for 10 minutes to generate the proper pattern on ITO 
substrates, with the help of sticky tape, to fit the custom-made deposition mask and test board which 
were used with graphene-based device to achieve a fair comparison between their photovoltaic 
performance. After that, ITO substrates were cleaned via four subsequent 10-minute sonication steps 
in DI water and decon 90,   DI water, acetone, and isopropyl alcohol followed by air drying and then 
left overnight in drying oven at 90 oC to remove any residues.   Prior to spin coating of ZnO sol-gel, 



both graphene- and ITO-coated substrate were treated by air plasma under a pressure of 0.03 mbar 
at RF power of 3 W for 30 seconds to obtain uniform and continuous coating. ZnO sol-gel was 
synthesized according to the procedure reported elsewhere [45]. ZnO sol-gel was spin coated at 4000 
rpm for 60 s, and then ethanol-wet cotton swabs were used to define the electrodes. After that, the 
coated substrate was thermally annealed on a hot plate at 170 oC for 30 minutes in air. For the 
deposition of the active layer, the substrates were moved into a nitrogen-filled glovebox. A 30 µl of 
P3HT: PC70BM (1: 0.8 wt/wt) with total concentration of 25 mg ml-1  dissolved in Chlorobenzene was 
spin coated on top of ZnO layer at 2000 rpm to produce ~ 90 nm thick active layer. A 10-minute 
annealing was then conducted on a hotplate at 120 oC inside the glovebox. For PM6: Y6 active layer, 
a total concentration of 16 mh ml-1 (D: A = 1: 1.2) dissolved in chloroform with 0.5% vol/vol 1-
chloronaphthalene solvent additive was used. PM6: Y6 solution was spin coated at 3000 rpm for 60 
seconds withouth any post annealing. Finally, the substrates were transferred to HIND HIVAC 12A4D 
thermal evaporator using a custom-made shadow mask for the deposition of MoO3 (3.5 nm) and Ag 
(130 nm) top electrode. The deposition rate of MoO3 was 0.2 Å s-1 while for Ag anode an initial rate of 
0.5 Å s-1 was used for the first 20 nm, and then increased up to 1.9 Å s-1. The active area of 6 mm2 for 
all devices was defined by the custom-made deposition mask. Descriptive images for the prepared 
graphene electrodes and graphene-based OPV devices are given in Fig. S4.    

2.3. Characterization of graphene films  

The formation of graphene films was confirmed with Raman spectrometer (Rainshaw Raman 
Microscope, 514 nm laser). Scanning electron microscope (JEOL Field Emission SEM) and atomic force 
microscope (AFM) NT-MDT NTEGRA, Moscow,  
Russian) were used to investigate the morphology of graphene films. Structural features such as the 
number of layers and purity of the synthesized graphene samples were investigated using 
transmission electron microscope (TEM) (Hitachi HT7700 TEM equipped with LaB6 filament operating 
at 120 kV) and X-ray photoelectron spectroscopy (XPS) was performed using a Kratos AXIS SUPRA PLUS 
instrument with a monochromatic Al Kα x-ray source (hν = 1486.6 eV) operated at 10 mA emission 
current and 12 kV anode potential. Ellipsometer (J.A. Woollam Co. Inc. M-2000D) was used to study 
the optical transmittance of graphene films, while their sheet resistance (Rs) was measured by four-
point probe method using Keithley source measure unit (2636A) and  a probe station (Everbeing int’l 
corp., C series starter probe station and EB-050 micropoisitioners) as shown in Fig. S5.       

2.4. Device characterization  

The performance of the fabricated devices was investigated via studying their current density-
voltage (J-V) characteristic curves. J-V data were collected using Keithley Source meter unit (model 
2636A) and an especially-designed test board under the illumination of AM1.5 G solar simulator (ABET 
Sunlite) with intensity of 100 mW cm-2. The optical intensity of the solar simulator was calibrated using 
a reference Si solar cell. All J-V measurements were carried out in air and directly after the deposition 
of the metal electrode. All devices were characterized without encapsulation. 

3. Results and discussion 

The Raman spectra for graphene samples prepared on glass substrates at different deposition 
RF power levels (Fig. 1) confirm the successful formation of graphene on commercial glass substrates 
without any carrier gases. The investigated samples have quite similar spectra with relatively sharp 2D 
peaks and varying I2D/IG and ID/IG ratios with the deposition power. The G (~ 1567 cm-1) and 2D (~ 2673 
cm-1) peaks represent the characteristic in-plane E2g vibration of sp2 hybridized carbon and the 
second order of the zone-boundary phonons, respectively. The 2D peak has been identified as an 
evidence on the formation of the graphene-like structure [46]. The D peak at ~ 1336 cm-1 accounts for 
the structural defects within graphene lattice such as wrinkles, vacancies, dislocations, edges, etc. 



Furthermore, other peaks related to structural defects such as peak D’ which arises as a shoulder at 
the G-peak around 1610 cm-1, D+D” (~ 2426 cm-1), D+G (~ 2917 cm-1), and 2D’ (3211 cm-1) appeared 
with almost negligible intensities. The ratio of the ID/IG for the synthesized graphene samples on glass 
substrates ranged from 0.72 to 0.65 which is less than  other graphene films prepared by the same 
method using H2 carrier gas and at higher temperatures (>700 oC) on different substrates [47].   

The ratio of ID/IG and I2D/IG decreased with increasing the deposition power from 200 to 500 
W (Fig. 1(b)) The ratio of I2D/ IG decreases with increasing the number of graphene layers. By increasing 
the deposition power, the number of layers increased which reflected on the TEM images, sheet 
resistance and optical transmission of the investigated films as will be discussed in later sections. The 
increased number of graphene layers at high power can be attributed to the high growth rate of 
graphene as a result of the increased decomposition of the precursor molecules induced by the high 
energy of the plasma species.  The ratio of ID/IG represents the defects in graphene films and increases 
with the presence of more defects. The ID/IG ratio for the investigated samples was found to decrease 
at high RF deposition power which may be attributed to the purity of graphene films and the presence 
any impurity atoms within the lattice (as confirmed by XPS data, to be discussed later). Structural 
defects greatly influence the electrical properties of graphene as will be discussed in sheet resistance 
section. In order to have a deeper insight on the structure of the investigated graphene films, 
transmission electron microscope (TEM) was used. Fig. 1(c-h) shows TEM images for the as-
synthesized graphene samples, which shows multi-layers of graphene which is in agreement with 
Raman data. The number of graphene layers was found to increase with the deposition RF power as 
shown in Fig. 1 (C, f, and g)  which confirms the behavior of I2D/IG ratio [48] in Fig. 1(b). The variation 
in the number of graphene layers explains the improved electrical conductivity and the reduced 
optical transmission for graphene films synthesized at higher power as will be discussed later in this 
work. The interlayer spacing within the investigated graphene films was found to be 0.33 nm as shown 
in Fig. 1(d) which greatly matches literature and the theoretical value of 0.33 nm [44, 49, 50]. 
Moreover, the high resolution TEM images reveal the highly ordered carbon atoms within graphene 
lattice as shown in case of sample prepared at 300 W in Fig. 1(e). On the other hand, the presence of 
structural defects such as voids or vacancies within graphene lattice can be observed from TEM 
images, as shown in Fig. 2(h), which is in good agreement with Raman spectra.  
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Fig. 1. (a) Raman spectra for graphene samples prepared at various RF input power levels. (b) The variation 
of ID/IG and I2D/IG of graphene films with RF deposition power. (c-e) Representative TEM images for graphene 
samples synthesized at 200 W (c and d), 300 W (e and f), and 500 W (g and h). 

 

 To better understand the chemical bonding within the synthesized graphene films, they were 
investigated by x-ray photoelectron spectroscopy (XPS). Fig. 3 shows the survey scan and high 
resolution XPS spectra for the graphene films prepared at 200 W, 300 W and 500 W. It can be observed 
from the XPS spectra that carbon represents the major constituent of the investigated film with a 
minor amount of oxygen, as summarized in Table 1, which indicates the high quality of the synthesized 
graphene films. The presence of the O 1s peak at 531 eV can be attributed to oxygen-rich components 
within the precursor molecules as well as the exposure of graphene films to the ambient atmosphere 
[47, 51]. The minor peaks at binding energies (B.E.) of 105 eV and 1071 eV) represent the Si 2p and Na 
1s, respectively, which can be attributed to the glass substrate surface  CasaXPS software was used 
for the deconvolution of the C 1s peak which resulted in a major peak at 284.52 eV due to the sp2 
hybridized hexagonal graphene lattice [52, 53]. Other peaks with lower contribution to the overall 
fitting area were also observed at 283.74 eV and 288.49 eV which correspond to C-O and C=O, 
respectively. The emergence of C-O and C=O can be ascribed to the exposure of the investigated 
samples to ambient oxygen which reacts with the active sites within graphene films such as defects 
and edges [52, 54].  Furthermore, two peaks were observed at 294.52 and 291.09 eV which assign for 
the Plasmon loss features (PL 1 and PL 2) associated with graphitic carbon [54]. It can also be observed 
that carbon content within the investigated films increased from (86.82%) to 96.83% with a 
simultaneous drop in the oxygen percentage to < 2% with increasing the deposition RF power from 
200 W to 500 W which may be assigned to the glass background (substrate) effect due to the surface 
sensitive nature of the technique. Typically, only the top 5-10 nm layer of a sample is accessible using 
XPS; [55] Raman, TEM and optical transmission results indicate that the sample at 200 W has the 
fewest number of graphene layers. 

 



 

  
 

  

  
Fig. 2. XPS survey scans (left hand panel) of the graphene samples prepared at 200 W (top), 300 W (middle) 

and 500 W (bottom) alongside the corresponding C 1s high resolution (HR) scan for each sample. 
The survey scans show that the surfaces of the samples primarily consist of carbon and oxygen, with 
smaller Si and Na peaks attributed to the sample support. The C 1s HR regions follow an asymmetric 
pattern associated with graphitic carbon. Various C-O bonds and plasmon loss features are shown 
inset. 

 

 

 



Table 1 

Elemental surface compositions of graphene samples prepared at various RF input power. 

RF power (W) Na 1s (%) O 1s (%) C 1s (%) Si 2p (%) 
200 0.30 8.06 86.82 4.82 
300 0.18 3.65 93.91 2.27 
500 0.13 2.06 96.83 0.98 

 

The surface features of the synthesized graphene films was studied by SEM and AFM.  The 
SEM images (Fig. 3) show quite uniform film with the presence of small vertically-oriented graphene 
nano-islands.   It can be observed from Fig. 3(c) that the number of the graphene nano-islands is higher 
for the sample synthesized at 500 W.  However, these islands do not form continuous inter-
penetrating networks. The morphology of graphene films synthesized by RF PECVD are greatly 
affected by the deposition parameters such as time, temperature, power, and substrate type and the 
utilization of carrier gas. For example, Jacob et al. [56] reported the formation of folded vertical 
graphene nano-sheets in continuous interpenetrating networks on Silicon and fused substrates at 800 
oC and 500 W in the presence of H2 carrier gas even at deposition time of 1 sec. The morphology of 
graphene films plays a crucial role in deciding their applications. Therefore, the synthesis parameters 
should be optimized to produce the desirable film morphology for a specific application. For 
optoelectronics, a TCE with smooth surface is more preferred to obtain uniform coating of the other 
layers of the device and to reduce carrier recombination as will be discussed in the device performance 
section in the present research. The surface properties of the investigated graphene films were 
confirmed by AFM (Fig. S6).  The root mean square (rms) roughness of the as-synthesized graphene 
films on glass substrates was found to increase with increasing input RF power. The samples prepared 
at 200 and 300 W revealed quite similar features with relatively low rms surface roughness of 2.59 
and 3.9 nm, while the sample synthesized at 500 W exhibited much higher rms roughness of 8.52 nm.  
The high surface roughness can be attributed to the vertical growth of the graphene nanosheets which 
increased at higher power as discussed above.   

200 W 300 W 500 W 
a) 

 

b) C) 

 
d) 

 

e) f) 

Fig. 3. SEM images for graphene films prepared at 200 W (a&d), 300 W (b&e), and 500 W (c&f). 



   Fig. 4(a,b) shows the variation of the sheet resistance (Rs) of graphene films with the RF deposition 
power. The values of Rs were extracted from the slope of the current-voltage (I-V) relation obtained 
via the four-point probe measurements.  A square sample with a dimension of 12 mm was used for 
this measurement, where a fixed current was applied to the sided probes, while the voltage was 
measured across the internal probes. The value of Rs was calculated according to the equation below 
[57, 58]: 

 

𝑅𝑅𝑠𝑠 = 4.53 × C dV
dI

                                                                                    (1)                      

where, dV
dI

 is the slope of the straight line I-V relation (Fig. 4(a)) and C is a correction factor that depends 
on sample dimensions and the distance between the measurement probes. The sheet resistance is an 
important parameter for TCE materials for OPVs which affects the series resistance and the 
photovoltaic performance of the device. The lower the sheet resistance, the more efficient the TCE is. 
The high conductivity of the transparent electrode material improves the collection of the photo-
generated charge carriers. It is clear from Fig. 4(b) that Rs decreases significantly with increasing the 
deposition RF power. Rs dropped from 1.6 KΩ/□ to 0.97 KΩ/□ when the applied plasma power 
increased from 200 to 500 W. This improvement in electrical properties can be attributed to the 
increase in the number of layers in graphene films as confirmed by Raman and TEM results. This drop 
in Rs is accompanied by a reduction in the film transparency which may cause a decrease in the PCE 
of the OPV device. The growth rate of graphene increases at high deposition power due to the 
enhanced decomposition rate of the precursor molecules by the highly energetic plasma species [47]. 
In addition, the electrical conductivity of graphene strongly depends on the presence of structural 
defects such as wrinkles, voids, dislocations, etc. The sheet resistance increases with increasing the 
defects in graphene films [59] which is in a great agreement with the findings in the present work. 
From Raman data (Fig. 1(b)), the ratio of ID/IG decreases with increasing the RF deposition power which 
shows less structural defects at high power and therefore the sheet resistance dropped. The 
effectiveness of a TCE material depends strongly on its optical transmission. An efficient TE should 
allow as much incident solar light as possible to reach the photoactive layer to generate the maximum 
photocurrent. The optical transmission of the synthesized graphene samples on glass substrates was 
investigated and compared to ITO. Fig. 4(c) displays the optical transmission of the investigated 
samples for wavelength range between 300 and 1000 nm. The graphene film prepared at 200 W had 
the highest transmission of 81% at 550 nm, while samples synthesized at 300 W and 500 W were less 
transparent with transmission of 67% and 65%, respectively. The sample prepared at 500 W exhibited 
lower transmission especially at shorter wavelengths due to the graphene nano-islands as confirmed 
by SEM images. It can be noticed that graphene (at 200 W) is more transparent to the wavelengths 
below 550 nm than ITO. Moreover, the transmission of graphene films prepared at higher power levels 
were also comparable to ITO at short wavelengths (< 550 nm). It is worthy to mention that, the optical 
transmission of an efficient TCE for OPVs should be matching with the absorption band of the active 
layer of the device. For example, for wide bandgap donor polymer, a TCE material with high 
transmission to the short wavelengths is preferred and vice versa in case narrow bandgap donors. The 
reduction in optical transmission of graphene samples at higher RF power is attributed to the 
increased number of layers and the formation of graphene nano islands. Therefore, a trade-off 
between optical and electrical properties of the TCE should be realized for the optimum device 
performance. 
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Fig. 4. (a) I-V characteristics of the different graphene TCEs as recorded by four-point probe method. (b) The 
variation of the sheet resistance of the synthesized graphene TCEs with RF input power. (c) Optical 
transmittance of the different graphene electrodes measured by J. Woollam Ellipsometer. (d) Typical image 
to the synthesized graphene TCE. 

 

Fig. 5(a) shows the J-V characteristics of the graphene-based as well as the reference (ITO-based) OPV 
devices. The measured photovoltaic parameters of the devices are listed in Table 2. The JSC and VOC of 
the device built on graphene TCE prepared at 200 W RF input power are 5.17 mA/cm2 and 0.56 V 
respectively, and the corresponding values of the ITO-counterparts are -4.95 mA/cm2 and   0.55 V.  
The increase in JSC in case of graphene-based device can be attributed to the high optical transmittance 
of graphene electrodes at short wavelengths (400 nm to 550 nm) compared to ITO (Fig. 4(c)). This 
wavelengths region (400 – 550 nm) represents the majority of the absorption range of the 
P3HT:PC70BM active blend [60]. It is worth mentioning that, the generation of photoelectrons in the 
photoactive layer of the device can also happen within the acceptor phase in addition to the electron 
donor material [61]. The PC70BM acceptor absorbs mainly at wavelengths between 380-500 nm [62]. 
Therefore, the OPV device with graphene electrode had higher JSC than that based on ITO. Despite the 
higher JSC and VOC of the graphene-based device, its PCE was less than that of the ITO counterpart as 
a result of the reduced fill factor. The PCE and FF of the graphene-based device were found to be 
1.14% and 0.39 which are equivalent to 72% and 67%, respectively, of those by the control device 
(1.58% and 0.58). The reduced FF of the graphene-based device can be attributed to the high sheet 



resistance of graphene electrodes compared to ITO. The high sheet resistance of the TCE increases 
the series resistance of the device which leads to a drop in its fill factor as a result of carrier 
recombination [63]. In addition, graphene exhibited higher surface roughness than ITO as confirmed 
by AFM data which could be an additional recombination pathway resulting in FF drop. The relatively 
high sheet resistance of the synthesized graphene films can be attributed to the presence of structural 
defects such as wrinkles and voids as discussed above. For the devices fabricated on graphene 
electrodes synthesized at 300 and 500 W, their photovoltaic performance was close to that with 
graphene at 200 W. Their photovoltaic parameters are listed in Table 2. The Jsc increased slightly for 
both devices compared to the device based on graphene electrode prepared at 200 W although they 
exhibited lower optical transmission. The enhancement in JSC for both devices can be attributed to the 
decrease in the sheet resistance of their graphene electrodes. Moreover, the drop in VOC for the device 
based on graphene at 500 W may be attributed to the high surface roughness of the transparent 
electrode which impacts the uniformity of the spin coated ZnO electron transport layer and 
consequently the carrier recombination increases.  

For further investigation to th the feasibility of the synthesized graphene electrodes for OPVs, 
more devices based on the state-of-art active layer consisting of PM6: Y6 (donor: acceptor) were also 
fabricated (Fig. 5c). The device prepared on graphene TCE  achieved a PCE of 4.94% while the 
unpatterned ITO-based counterpart exhibited 7.86%. In addition, the JSC of the graphene-based device 
was higher than that of the reference device, but the VOC and FF were lower as listed in Table 2. These 
results are in a good agreement with the data for the devices based on P3HT: PC70BM active layer (Fig. 
5a). It should be mentioned here that higher PCEs, between 12% to >15%, for PM6: Y6 based OPVs on 
ITO can be found in literature [64-66].  In order to validate the fabrication procedure used with our 
devices and figure out the possible reasons for their low PCEs compared to literature, more devices 
were fabricated based on pre-patterned ITO electrodes with similar sheet resistance and optical 
transmittance to the unpatterned ITO used for comparison with the investigated graphene electrodes. 
Higher PCEs reaching 12.2% were obtained for the devices built on pre-patterned ITO as shown in Fig. 
S7 in supplementary information which affirms the validity of the fabrication procedure of our devices. 
However, the variation of the PCE between pre-patterned and unpatterned ITO-based OPVs could be 
attributed to the different testboards used for the J-V measurements in both cases. Also, in case of 
OPVs built on unpatterned ITO and graphene TCEs, the contact of the testboard electrodes is through 
the thin Ag layers which can easily be damaged (Inset Fig. 5 a and c) in contrast to the pre-patterned 
ITO where the contact is achieved with the strongly adhered ITO strips (inset Fig. S7). Moreover, the 
deposition of the top electrode as well as J-V measurements for all devices in the present work was 
performed outside the glovebox which will contribute to the rapid degradation of the devices. The 
fast drop in the device performance is also displayed in Fig. S7 and Table S2.   

The photovoltaic performance of an OPV device depends strongly on the structural, electrical 
and optical properties of the graphene TCE.  Therefore, further enhancement in the performance of 
graphene-based OPVs, reported in the present work, can be realized by improving graphene 
characteristics, particularly the electrical conductivity and morphology [59]. In this regard, the device 
performance was enhanced through increasing the thickness of ZnO electron transport layer (ETL) on 
top of graphene electrodes. For instance, a double-layer ZnO  was deposited on top of the graphene 
TCE (prepared at 300 W) via sequential spin coating at 3000 rpm and post annealing at 150 oC for 10 
minutes [67]. The double-layer ZnO (D-ZnO) improved the FF of the device from 0.34 to 0.45 leading 
the PCE to increase from 1.06% to 1.27% (Fig. 6d and table 2). The increased FF and PCE can be 
attributed to the suppressed carrier recombination as a result of the improved morphology of the 
graphene which achieved a better interface with the active layer. We are conducting a continuing 



research to achieve the best device performance to make the prepared graphene TCEs more 
comparable to ITO. 

a) 

 

b)  

c) d) 

Fig. 5. (a) J-V characteristics of the inverted P3HT: PC70BM OPV devices based on different graphene TCEs and 
ITO (reference device). (b) Schematic diagram to the structure of inverted OPV device employed in the 
present work. (c) J-V characteristics for PM6: Y6-based OPVs on graphene (500 W) and unpatterned ITO. (d ) 
J-V characteristics for P3HT: PC70BM devices based on graphene TCEs (at 300 W) with single- and double-layer 
ZnO ETL. 

 

Table 2  

The photovoltaic parameters of the OPV devices prepared on graphene and unpatterned ITO electrodes with different active 
layers. 

TCE Active layer Jsc (mA/cm2) VOC (V) FF  PCE (%) 
Graphene (200 W)  

 
P3HT: PC70BM 

-5.14 0.56 0.39 1.14 
Graphene (300 W) -5.22 0.59 0.34 1.06 
Graphene (500 W) -5.25 0.53 0.37 1.04 
Unpatterned ITO -4.95 0.55 0.58 1.58 

Graphene  (500 W) PM6: Y6 -18.52 0.72 0.37 4.94 
Unpatterned ITO -17.69 0.75 0.59 7.86 
Graphene (300 W) 
with  Double-ZnO 

P3HT: PC70BM 
 

-5.14 0.56 0.45 1.27 

 



3. Conclusion 

A low cost, rapid and direct synthesis of graphene TCEs on glass substrates for OPVs was 
presented. The reported approach uses an environmentally friendly and sustainable precursor 
without the need of a catalyst or a carrier gas. The synthesized graphene films showed remarkable 
structural, optical, and electrical features with a strong dependence on the RF deposition power. 
Optical transmittance between 81% - 65% at 550 nm at corresponding sheet resistances of 1.6 - 0.97 
KΩ/□ were recorded for the as-prepared graphene films. The OPVs built on the graphene TCEs had 
higher JSC and VOC and realized 80% of the PCE of the ITO-based device. Thus, the present study is a 
step-forward towards the large-scale commercialization of graphene electrodes for organic 
photovoltaics and other optoelectronic devices. 
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