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Organometallic trihalide perovskite light absorber based solar cells have drawn increasing attention because of their 

recent rapid increase in power conversion efficiency (PCE). These photovoltaic cells have relied significantly on transparent 

conducting oxide (TCO) electrodes which are costly and brittle. Herein, solution processed transparent conductive 

graphene films (TCGFs) are utilized, for the first time, as an alternative to traditional TCO electrodes at the electron 

collecting layer in perovskite solar cells (PSCs). By investigating and optimizing the trade-off between transparency and 

sheet resistance (Rs) of the graphene films, a PCE of 0.62% is achieved. This PCE is further improved to 0.81% by 

incorporating graphene structures into both compact and mesoporous TiO2 layers of the solar cell. We anticipate that the 

present study will lead to further work to develop graphene-based transparent conductive electrodes for future solar cell 

devices.

Introduction 

Photovoltaic (PV) cells are devices that convert sunlight directly into 

electrical power and have great potential to meet society’s 

continuously increasing energy demands with negligible 

environmental impact.1 The current PV market is mainly dominated 

by crystalline silicon (1st generation) and compound semiconductor 

(2nd generation) based solar cells, which can produce energy with a 

power conversion efficiency (PCE) that is highest of all solar cell 

technologies.2, 3 These commercially available solar devices are, 

however, produced using complex, high-cost manufacturing 

processes. Recently reported solar cells based on hybrid 

organometallic halide perovskites are considered the most 

promising alternatives to the more established solar cell 

technologies because of their relatively high PCE, and simpler, 

cheaper fabrication processes.4-7 

Organic–inorganic halide structures (such as CH3NH3PbX3 (X = Cl, I 

or Br)), called perovskite materials, have been known for several 

decades and have recently attracted much attention from the PV 

community owing to some key exceptional properties.8 These 

properties include the ability to absorb significant levels of incident 

light across a wide part of the solar spectrum, and the ability to 

effectively carry the photoelectrons created from the incident light 

away into a circuit.9 The PCE of perovskite solar cells (PSCs) has 

rapidly increased from less than 4% to more than 20% in only 6 

years,10-13 making the efficiency comparable with current 

commercial technologies.12, 13 

A typical PSC is composed of a transparent conducting oxide (TCO) 

(indium-doped and/or fluorine-doped tin oxide (ITO or FTO)) 

electrode, a thin compact hole blocking (TiO2) layer, a perovskite 

layer with or without a porous metal oxide scaffold layer, a hole 

transporting layer (HTL) and a metal contact (Au or Ag).11, 14, 15 In 

such a device structure, the TCO electrode plays a vital role in 

collecting electrons from the semiconducting TiO2 and transferring 

them to the external circuit. However, limited resources of the 

materials used in typical TCO electrodes and consequent high cost 

are major issues.16 Additionally, their brittle nature and high 

structural defects are a major concern for PSC technologies where 

ease of transportation, handling and installation are important.17 

Therefore, the replacement of TCO electrodes with cheaper and 

robust alternatives is desirable. 

Graphene has attracted considerable interest for potential 

applications in various optoelectronic devices due to its properties 

including excellent conductivity, low cost and high flexibility.18, 19 

Moreover, compared to ITO and FTO, graphene has several 

advantages such as abundance, high transparency in the near-

infrared region and high stability in the presence of acid or base.16, 

20 These unique properties suggest graphene films could be a 

possible replacement for TCO electrodes. To date, two main 

processes have been developed for the fabrication of graphene 

films.21 The first is based on chemical vapor deposition (CVD) of 

graphene using a metal sheet catalyst (Cu or Ni), followed by 

transfer printing to target substrates. However, CVD is expensive 

and its operation is complicated while it also requires high 

temperatures (>750oC). Alternatively, solution processed graphene 

has been considered a promising future electrode material because 

it can be deposited on large-area flexible substrates and is 

compatible with roll-to-roll manufacturing techniques.22 Based on 

these advantages, solution processed graphene films have been 

used as transparent electrodes for inorganic-organic hybrid solar 

cells,23, 24 organic photovoltaic cells25, 26 and dye-sensitized solar 
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cells (DSSCs)27. In addition, CVD processed-graphene based 

transparent conductive films have very recently been employed as 

hole collecting electrodes in PSCs even though they are costly and 

difficult to produce.28, 29 However, until now, there has been no 

effort in the application of graphene based transparent and 

conductive films to replace traditional TCO electrodes in PSCs 

despite recent reviews30, 31 and a computational study32 suggesting 

some promise. 

In the work reported here, transparent conductive graphene films 

(TCGFs) prepared from low-temperature processed and chemically 

derived graphene (or solution processed graphene, Scheme 1) have 

been employed as a substitute for the electron collecting TCO 

electrode to test their feasibility in PSCs. Furthermore, the 

incorporation of graphene structures into semiconducting oxide 

scaffolds has been shown to be a promising strategy to enhance the 

efficiency in DSSCs.33 After optimizing sheet resistance (Rs) and light 

transmittance for PSC performance, we further improved the PCE 

by employing graphene into both compact and mesoporous TiO2 

layers of the devices. 

 

 

Scheme 1 Schematic of the preparation procedure of graphene 
films. 

 

 

Results and discussion 

Preparation and characterization of graphene films 

Graphite oxide was synthesized from natural graphite by an 

improved Hummers method34 followed by exfoliation to produce 

graphene oxide (GO) sheets (Scheme 1a-c). A detailed description 

of the process is given in the experimental section. The prepared 

GO is known to be electrically non-conductive and the removal of 

its functional groups is necessary to obtain conductive graphene-

based materials.17 In general, GO can be reduced by using chemical 

agents such as hydrazine or sodium borohydride.35 However, the 

insolubility of the GO after such chemical reduction limits its further 

application. In order to tackle this limitation; we added sodium 

dodecylbenzene sulfonate (SDBS) surfactant into the graphite oxide 

solution before the exfoliation step (Scheme 1c).36, 37  

In a typical experiment, large-area GO with or without SDBS 

surfactant was produced by the exfoliation of the previously 

prepared graphite oxide solution (Scheme 1c). It should be noted 

that the prepared GO aqueous dispersion was very stable without 

any precipitation for several months, which is known to be due to 

the presence of hydrophilic groups (e.g., hydroxyl, epoxy, or 

carboxyl) on the surface of graphene.21 Subsequently, the chemical 

reduction of GO aqueous solution was carried out with hydrazine 

solution in the presence of SDBS. For comparison, the same 

procedure was also performed in the absence of SDBS. Chemically 

reduced graphene oxide (CRGO-only) without surfactant disperses 

poorly in aqueous conditions because of its hydrophobic surface 

after the removal of oxygen containing functional groups during the 

reduction process.23 Subsequently, strong π-π interaction between 

CRGO flakes leads to agglomeration and poor dispersion (inset of 

Fig. 1a). The atomic force microscopy (AFM) image (Fig. 1a) shows 

that the CRGO-only flakes without SDBS are aggregated or stacked 

on each other and their lateral size was measured to be smaller 

than 1 µm, which is consistent with the results reported in the 

literature.38, 39 In contrast, the SDBS supported CRGO (Scheme 1d, 

termed “CRGO-SDBS”) showed dramatically improved dispersion in 

aqueous solution. As illustrated in the inset of Fig. 1b, no precipitate 

was observed and the solution was stable for several months. More 

importantly, the flake size of the CRGO-SDBS (Fig. 1b) was 

significantly larger than that of CRGO-only (Fig. 1a).40 It is known 

that sonication and conventional chemical reduction steps of GO 

create many structural defects and decrease the flake size and 

increase the degree of sp
3 hybridization.21 Interestingly, in this 

study, the SDBS acts to prevent CRGO from fracturing during 

ultrasonication resulting in large-size graphene sheets. The large-

sized graphene structures should, in principle, exhibit lower Rs 

when used in transparent conductive films because the larger flakes 

will have less charge scattering related to charge hopping through 

sheet-sheet contacts in the film.41, 42 
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Fig. 1 AFM images (5 x 5 µm2) of chemically reduced graphene oxide 
(CRGO) (a) without and (b) with SDBS. Insets show digital 
photographs of the corresponding samples in an aqueous 1 mg mL–1 
solution. 

 

Structural information for these samples was obtained using Raman 

spectroscopy. It is well known that the intensity ratio (ID/IG) is 

usually used to determine the level of defects.43 Raman spectra (see 

Fig. S1) shows that the ID/IG value of the CRGO-SDBS is lower than 

that of the CRGO without surfactant, confirming that the chemical 

(hydrazine) reduction of GO in the presence of SDBS creates less 

defects on the CRGO compared to the number produced without 

any surfactant present. Although the use of SDBS during the 

chemical reduction process has the additional advantage of 

preventing defect production in the CRGO and providing large 

graphene sheets, the presence of residual SDBS surfactant may 

degrade the electrical properties of the graphene films because of 

its highly insulating nature.36 Therefore, removing SDBS surfactant 

from the prepared films is of great importance for maximizing the 

electrical conductivity of the films. In addition, it is well known that 

the chemical reduction with hydrazine alone is not sufficient to fully 

reduce the oxygen containing functional groups from the graphene 

layers.44 

In order to improve the quality of graphene structures, the films 

were prepared from the CRGO-SDBS solution using a vacuum-

filtration and transfer technique44 and have been thermally 

annealed at a temperature of 400oC under the protection of an Ar 

and H2 gas flow. Interestingly, we observed that the filtration time 

for the CRGO-SDBS solution was relatively longer than that for the 

CRGO-only samples. We attribute this phenomenon to the size of 

the graphene sheets with the larger CRGO-SDBS sheets blocking the 

filter paper pores faster. After the thermal annealing of CRGO-SDBS 

film, the resultant product (Scheme 1e) is denoted “RGO-SDBS”. 

The extent of reduction of the prepared samples was studied by 

Attenuated total reflection-Fourier transform infrared spectroscopy 

(ATR-FTIR) and X-ray photoelectron spectroscopy (XPS). ATR-FTIR 

spectra of GO, CRGO-only, CRGO-SDBS and RGO-SDBS are 

presented in Fig. 2a. All the observed peaks can be ascribed to O–H 

stretching mode, C=O carboxyl or carbonyl stretching vibration, C=C 

stretching, O–H deformations in the C–OH groups, C–OH stretching 

and C–O stretching vibrations in C–O–C in epoxide from GO.34 After 

chemical reduction, the peak intensities of the oxygen containing 

functional groups in both CRGO-only and CRGO-SDBS become very 

weak compared to that of GO, but not completely gone, indicating 

that only partial reduction of GO was obtained using hydrazine 

monohydrate solution (Scheme 1d). However, the CRGO-SDBS 

exhibits new prominent characteristic peaks at 2960 cm–1, 2928 cm–

1 and 2870 cm–1 which correspond to C–H vibrations in SDBS. These 

absorption peaks in the CRGO-SDBS sample indicates that the SDBS 

is adsorbed on the CRGO.40 After thermal annealing, the majority of 

oxygen peaks associated with the functional groups in CRGO-SDBS 

became very weak, confirming the successful reduction of the GO 

by the combination of chemical and thermal processes (Scheme 1e, 

confirmed by curve fitting of C1s peaks in XPS spectra shown in Fig. 

S2). However, the absorption peaks due to the presence of SDBS 

remain unchanged after annealing at 400oC for 1 h. This result 

suggests that the insulating SDBS was not removed by the low-

temperature thermal treatment.  

XPS survey spectra of CRGO-SDBS and RGO-SDBS (Fig. 2b) show 

response (in addition to 283.5 eV (C 1s) and 530.5 eV (O 1s)) at 

binding energies of around 166 eV (S 2p), 262 eV (Na KLL) and 

1059.5 eV (Na 1s), further illustrating that the SDBS remains on the 

CRGO structure after annealing at 400oC. Nevertheless, it should be 

noted that the peak intensities of both ATR-FTIR and XPS for CRGO-

SDBS structure decreased slightly after annealing at 400oC. Another 

noticeable feature from the XPS survey spectra in Fig. 2b is that the 

appearance of Si 2s and Si 2p peaks at around 99.0 eV and 149.5 eV, 

respectively for the CRGO without SDBS. These Si peaks can be 

explained by the poor solubility of the CRGO solution. Due to the 

large aggregation of CRGO in the solvent, the CRGO sample did not 

completely cover the silicon substrate. Additionally, the thermal 

stability of SDBS was investigated using thermo-gravimetric analysis 

(TGA) (see Fig. S3). Our finding from TGA analysis was in good 

agreement with the ATR-FTIR and XPS and suggests that the 

thermal annealing at 400oC cannot remove the residual surfactants 

from the graphene. Therefore, further treatment is required to 

completely remove the SDBS. 
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Fig. 2 (a) ATR-FTIR and (b) XPS survey spectra of GO, CRGO-only, 
with SDBS and thermally reduced CRGO-SDBS (RGO-SDBS). 

 

According to previous studies,45-48 the application of concentrated 

acid solution can be an effective way to completely remove the 

residual SDBS surfactant and other organic contaminants from the 

graphene films. Therefore, we used concentrated nitric acid (HNO3, 

68%) solution (Scheme 1f). It is widely accepted that the use of 

HNO3 has the advantage of not only eliminating the insulating 

surfactant, it also enhances the electrical properties of carbon films 

by an oxidative doping effect.49, 50 In addition to these effects, 

chemical HNO3 treatment can also cause some weak edge defects 

with oxygen containing functional groups (see Scheme 1f, termed 

as “RGO”),45, 51, 52 which could be very useful for further treatment 

to maximize the film performance. In order to produce high-

performance graphene films, we also introduced metallic gold 

nanoparticles (AuNPs) onto our RGO by dipping HNO3-

functionalized RGO films into HAuCl4 solution (Scheme 1g, called 

“AuNPs-RGO”). The removal of SDBS and the deposition of AuNPs 

of the RGO films were characterized by using XPS, scanning electron 

microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDX). 

Fig. 3a shows that the peaks of RGO-SDBS sample at binding energy 

of 166 eV (S 2p), 262 eV (Na KLL) and 1059.5 eV (Na 1s) have 

disappeared after treatment with HNO3 and HAuCl4 solutions, 

indicating of successful removal of the surfactant from the RGO. 

Additionally, in Fig. 3a, the appearance of two new prominent 

peaks at around 83.5 eV (Au 4f) and 200 eV (Cl 2p) indicates the 

successful AuNPs deposition and some residual HAuClx. Moreover, 

the SEM image (inset of Fig. 3a) clearly shows that the AuNPs were 

formed on the RGO after dipping the partially functionalized RGO 

film (Scheme 1f) into HAuCl4 solution. It is worth noting that the 

deposition of AuNPs on the RGO was achieved without the 

assistance of any reducing agents due to the HNO3 post-treatment. 

Therefore the edge defects (OH–, COOH– etc.) in RGO introduced by 

HNO3 treatment play an important role in reducing Au3+ to Au0.52, 53 

Moreover, the EDX elemental analysis (Fig. 3b) was carried out on 

the selected area of SEM image of the prepared sample and further 

confirms the removal of residual SDBS from the RGO and the 

formation of AuNPs on the RGO films.  

 
Fig. 3 (a) XPS survey spectra (inset: SEM image of AuNPs-RGO) and 
(b) EDX analysis (red box in the inset is the selected area for 
analysis) of RGO-SDBS film after HNO3 and HAuCl4 treatments. 

 

Optical and electrical properties of the graphene films 

An ideal PV device – one with the highest PCE – is achieved by 

having the lowest sheet resistance of the TCF, Rs, while achieving 

the highest transparency. Thin graphene films can exhibit high 

optical transparency, but they suffer from relatively high Rs. The Rs 

can be reduced by making the graphene films thicker, but this leads 

to an increase in the film opacity. There is clearly an optimum film 

thickness. We sought this thickness by changing the volume of 

filtered CRGO-SDBS solution. Fig. 4a illustrates the Rs of graphene 

films prepared from four different structures plotted as a function 

of filtration volume. These graphene structures are (a) CRGO–SDBS 

films (Scheme 1d), (b) RGO–SDBS films (Scheme 1e), (c) RGO films 

(Scheme 1f, HNO3-treated), and (d) AuNPs-RGO films (Scheme 1g). 

Additionally, the wavelength-dependent optical transparencies of 

each film with different thicknesses and their corresponding Rs 

values are shown in Fig. S4. It can be seen from Fig. S4a that the 

transparency of the films decreased with increasing filtered volume 

of the RGO solution. As shown in Fig. 4a, the Rs of our CRGO-SDBS 

films were in the range from 2 MΩ/□ to 12 MΩ/□ depending on the 

thickness. Interestingly, these Rs values are found to be slightly 

lower than that of previously reported chemically reduced GO 

films,44, 54, 55 despite our films containing insulating SDBS. We 

attribute this better performance of our CRGO-SDBS films to the 

production of large-size graphene sheets.40 Although our CRGO-

SDBS films showed lower Rs compared to other studies, such Rs 

values are still too high for satisfactory solar devices.  
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Fig. 4 (a) Rs vs. thickness of the graphene films prepared from four 
different structures; (b) Rs and transmittance (at λ = 550 nm) of 
selected TCGFs with different thicknesses; (c) comparison of Rs as a 
function of transmittance (at λ = 550 nm) between our AuNPs-RGO 
films and other studies. Dash lines show the two regions of differing 
resistance for the graphene films and the threshold transmittance 
and corresponding Rs. 

As also demonstrated in Fig. 4a, the Rs of CRGO-SDBS film 

decreased by more than 2 orders of magnitude for a given thickness 

after the thermal treatment. This improvement in the electrical 

properties is known to be due to the better graphitization, 

deoxygenation and cross-linking of the graphene sheets.27, 39 

However, the thermal reduction of the CRGO-SDBS film reduced the 

transparency by 4-5 % (Fig. S4b). The darkening of the films after 

thermal annealing is due to the restoration of the π–electron 

system in the graphene structure and some impurities from the re-

deposition of carbonaceous material which desorbs during thermal 

treatment and then adsorbs on both sides of the substrate.55 

Although residual insulating SDBS is still present in the film after 

thermal treatment, we were able to achieve a Rs of as low as 8.5 

kΩ/□ using this film such as that shown in Scheme 1e. Therefore, 

the removal of the SDBS surfactants with HNO3 was expected to 

improve the performance of our films. 

As expected, the Rs of the RGO-SDBS films were significantly 

reduced (by more than 2-fold) after treating with concentrated 

HNO3 (see Fig. 4a). This dramatic improvement in the electrical 

properties is most likely due to the removal of any remaining SDBS 

from the film. Another possible reason behind the enhanced 

conductivity is the chemical doping effect of HNO3 on graphene 

films.17, 49, 56 In particular, the Rs value of the RGO-SDBS films was 

reduced from 8.5 kΩ/□ to 3.74 kΩ/□ at the same thickness aTer 

treating with HNO3 solution. More importantly, the HNO3 treatment 

not only enhanced the electrical conductivity of the films, it also 

increased the transparency by around 5% for any given thickness 

(Fig. S4c). The increase in the transparency of the films after 

washing with HNO3 could be ascribed to the removal of remaining 

impurities of the films, particularly on the underside of the glass. 

After depositing the AuNPs on RGO films, the Rs and transmittance 

of the dried films were measured. Fig. 4a shows that the Rs of RGO 

films decreased by about 1.8 times after introducing AuNPs onto 

the films, while no degradation in transmittance was observed (Fig. 

S4d) compared to the HNO3-treated RGO films. The improved 

conductivity could be due to the fact that the AuNPs deposited on 

RGO created bridges between adjacent sheets, both in-plane and 

out-of-plane. A low electrical conductivity of graphene film mainly 

arises from the high inter-sheet contact resistance (deriving from 

charge hopping) between the edges of graphene sheets.41 In our 

AuNPs deposited RGO films, the AuNPs play a vital role in 

conjugating adjacent graphene sheets and subsequently reducing 

the overall Rs of the film. 

The correlation of Rs and transmittance at λ = 550 nm of our AuNPs-

RGO films to their volume of filtered solution is depicted in Fig. 4b. 

Through the systematic treatments, we obtained an Rs of as low as 

1.96 kΩ/□ for the thick graphene film with transmiUance of 42.3%. 

In contrast, a high optical transparency of 86.6% was achieved for 

the thin film, but its Rs is 15.7 kΩ/□. It should be noted that our Rs 

values are comparable to previous reports of solution processed 

graphene films produced by using hydrazine reduction and high-

temperature annealing process (800-1100oC) (Fig. 4c).25, 27, 55, 57-61 

Therefore, these TCGFs exhibit great potential for use as 

transparent electrodes in PV devices. The films based on AuNPs-

RGO structures such as that illustrated in Scheme 1g have been 

chosen for the fabrication of PSC devices. Moreover, we calculated 

a figure of merit (σDC/σOP) for these TCGFs (Table 1) and the film 

with Rs = 3.08 kΩ/□ at T = 55% showed a high figure of merit 

(0.176). This σDC/σOP value was higher than that of thinner films, 

which is expected to correlate with high performance of solar cells. 
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Fabrication and characterization of PV devices 

Transparent graphene electrodes based PSCs. To investigate 

the suitability of our TCGFs as transparent electrodes in PV devices, 

CH3NH3PbI3‑xClx perovskite sensitizer based solar cells were 

fabricated on the graphene films. The layered structure of the 

device is displayed in Fig. 5a. In our devices, a thin TiO2 compact 

layer was used as blocking layer to suppress the possible charge 

recombination between the graphene anode and the hole 

transporting material (HTM). Spiro–OMeTAD (HTM) was used as 

electron blocking layer between the perovskite sensitizer and Au 

cathode. Mesoporous TiO2 and CH3NH3PbI3‑xClx perovskite were 

employed as electron transporting layer and photosensitizer, 

respectively. In order to investigate the balance between 

transparency and Rs of the graphene films, six PSC devices (device 

1–6) were built on the TCGFs with different thicknesses (see Fig. 4b 

for properties). Digital photographs of the graphene films are also 

shown in Fig. 5a. The device number depends on the transparency 

and Rs of the films. For example, the film with highest transparency 

and lowest Rs based cell is denoted ‘device 1’ while the TCGF with 

lowest transparency and highest Rs based PSC is denoted ‘device 6’. 

The photocurrent density–voltage (J–V) characteristics of the PSCs 

fabricated with different TCGFs are shown in Fig. 5b and the 

corresponding PV parameters such as open-circuit voltage (Voc), 

short-circuit current density (Jsc), fill factor (FF) and PCE have been 

summarized in Table 1. The measured Voc values of all devices are 

essentially constant at 0.695 ± 0.05 V, indicating that the thickness 

of graphene films does not influence this parameter. This is 

reasonable since the Voc parameter is mainly determined by the 

energy level difference between the conduction band of electron 

transporting material and the potential energy of the HTM. In 

contrast, significant changes in the Jsc and FF were observed. 

Because of its comparatively high Rs, device 1 showed the lowest Jsc 

(0.56 mA cm-2) and FF (0.25) values, despite the transparency of 

graphene film being quite high. Interestingly, the FF value of our 

PSCs continuously increased from device 1 to device 6, likely to be 

due to the improvement in the Rs of the graphene films. Therefore 

the maximum FF value (0.37) was achieved for the device 6 which is 

made of our most-conductive graphene film with lowest 

transparency. However, the measured Jsc value (2.21 mA cm–2) of 

the device 6 was not the highest observed. Unlike the FF parameter, 

no continuous increase was observed for the Jsc value of our devices 

when the thickness of graphene films increases. In particular, from 

device 1 to device 4 (an increase in the thickness of graphene films), 

the Jsc increases from 0.56 to 2.55 mA cm–2 owing to the reduction 

of Rs. However, when the transmittance of the film drops below 

55%, Jsc of the cells decreases (device 5 & 6) despite the films having 

reduced Rs. This decrease in Jsc is due to the absorption of incident 

light by the TCGF before it reaches the active perovskite layer. 

Indeed, the optimum PV parameters for the TCGFs-based PSC were 

achieved for the graphene film with 3.08 kΩ/□@55.0%T. The 

observed Jsc, Voc and FF values for this PSC (device 4) were 2.55 mA 

cm–2, 0.69 V and 0.35, respectively, yielding an energy conversion 

efficiency of 0.62%. 

 
Fig. 5 (a) Device structure, (b) photocurrent density–voltage (J–V) 
curve of the fabricated solar cells with transparent graphene 
electrodes. PSC devices with 0.075 cm2 active area were illuminated 
under AM 1.5G simulated sunlight (100 mW cm−2). 

 

For comparison, an FTO electrode based PSC device was also 

fabricated under the same conditions as devices 1-6 and its J–V 

curve is plotted in Fig. S5. The FTO based device exhibited a Jsc of 

17.49 mA cm–2, Voc of 0.71 V and FF of 0.63, yielding a PCE of 7.82%. 

It is obvious that the PCE of our graphene film-based PSCs is 

significantly lower to that of the control cell based on FTO. The 

major issues for our TCGFs based devices are relatively low Jsc and 

lower FF values as compared to the cell based on FTO. This might be 

due to the high Rs and poor optical transmittance of our graphene 

films. Although the PCE (0.62%) of our graphene electrode based 

device is far from that of the PSC fabricated with FTO, this efficiency 

value is higher than that achieved for previously published 

inorganic-organic hybrid solar cell24 or DSSC27 in which graphene 

films act as the electron collection electrode. It should also be 

noted that the Voc value (0.71 V) and PCE achieved using our typical 

FTO based PSC is lower than recently reported values for standard 

cells using typical ITO or FTO transparent conducting electrodes.62-64 

The perovskite precursor and deposition process we have used 

were chosen for their simplicity in deposition and under the 
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conditions we followed typically yield PCEs of 7-9% with low Voc (0.7 

V-0.8 V)65-67 which are consistent with our results using the 

standard transparent conducting electrodes. More importantly, 

here in this work, we demonstrate the feasibility of solution 

processed graphene films as alternatives to the traditional TCO 

electrodes in the state-of-the-art PSCs. We anticipate that 

significant improvement in the PCE can be made for this class of PV 

devices by enhancing the performance of the graphene films and/or 

using other solar cell architectures. 

 
Table 1 PV parameters and PCE (η) of TCO-free PSCs with graphene 
films. Results for champion cells shown. 
Device Rs@T σDC/σOP Jsc (mA 

cm–2) 

Voc 

(V) 

FF η 

(%) 

1.  

(80 mL) 

15.7kΩ/□ 

@86.6% 
0.161 0.56 0.692 0.25 0.1 

2.  

(200 mL) 

6.93kΩ/□ 

@72.3% 
0.154 1.25 0.695 0.26 0.23 

3.  

(320 mL) 

4.61kΩ/□ 

@64.1% 
0.164 2.02 0.700 0.29 0.41 

4.  

(440 mL) 

3.08kΩ/□ 

@55.0% 
0.176 2.55 0.690 0.35 0.62 

5.  

(560 mL) 

2.41kΩ/□ 

@48.0% 
0.176 2.43 0.690 0.36 0.60 

6.  

(680 mL) 

1.96kΩ/□ 

@42.3% 
0.177 2.21 0.694 0.37 0.57 

 

 

Effect of graphene structures in the TiO2 layers. The use of 

carbonaceous materials in the semiconducting oxide scaffolds has 

previously led to great enhancement in the efficiency of DSSCs.68, 69 

Therefore, in this work, we introduce this concept of incorporating 

graphene structures into the electron transporting TiO2 layers of 

the mesoscopic PSCs to further improve the efficiency of our 

graphene electrode based device. The TCGF, which was previously 

used for the device 4 and gave the best PCE, was chosen for the 

fabrication of the graphene incorporated TiO2 photoanode-based 

PSCs. In the fabricated device, the graphene structures were 

incorporated into the compact TiO2 only, the mesoporous TiO2 only 

and both the compact and mesoporous TiO2 layers. The 

incorporated graphene was prepared by mixing GO (0.6 and 0.2 % 

w/w in blocking layer and mesoporous layer, respectively) with the 

TiO2 precursors prior to deposition. The GO is then thermally 

reduced in situ when sintering the TiO2 layers at 500oC in an Ar 

atmosphere. 

The J–V characteristics and device structures of the TCGFs based 

PSCs with and without graphene in the semiconducting oxide layers 

are illustrated in Fig. 6. The PV performances of these PSC devices 

have been summarized in Table 2. For comparison, the J–V curve 

and the corresponding energy level diagram of device 4 (TCGF 

based PSC without graphene in the semiconducting layer) is also 

plotted in Fig. 6a and Fig. 6a′, respectively. Since the work function 

of RGO is close to that of FTO, and lower than the conduction band 

of TiO2,25 it is reasonable to expect that the injected electrons at the 

TiO2 conduction band can be transferred to the graphene electrode 

without any barrier. Changes to the work function of gold chloride 

doped graphene have previously been shown to be minimal after 

thermal annealing, as has been done in this work.70 

On the other hand, the application of graphene in the 

semiconducting oxide layers should principally increase the 

efficiency of this class of solar cells due to enhanced charge 

transport.71 However, as shown in Fig. 6b, no significant 

improvement in the PV parameters for the PSC was observed after 

incorporating graphene into the mesoporous TiO2 layer only 

(Structure 2). We hypothesize that these unchanged PV parameters 

are associated with the energy level alignments of TiO2 and 

graphene. In fact, the injected electrons from the excited perovskite 

sensitizer and/or mesoporous TiO2 into the graphene cannot be 

transferred to the conduction band of the compact TiO2 (Fig. 6b′) 

which results in incomplete electron transport within the networks.  

Furthermore, the addition of graphene into the compact TiO2 layer 

of device (Structure 3) exhibited some enhancement in the Jsc and 

FF parameters and displayed a PCE of 0.75%, as illustrated in Fig. 6c. 

These increased Jsc and FF values could be due to the suitable 

energy levels of graphene in the cell. The energy levels of graphene 

in the compact TiO2 layer can be ideal for this class of PSC 

(Structure 3) as its work function sits between the TiO2 and 

graphene anode and so that the electrons transfer stepwise from 

the perovskite to the graphene anode without an energy barrier 

(see Fig. 6c′). Here, graphene, which was incorporated into the 

compact TiO2 layer, acts as a bridge between TiO2 and graphene 

anode. In the energy diagram, it is reasonable to assume that the 

work function of RGO (graphene anode; used as a transparent 

conductive film in the PSC) is higher than that of the graphene used 

in the semiconducting oxide layers because the extent of reduction 

in the electrode is relatively high. 

Structure 4 showed a promising improvement in the energy 

conversion efficiency (0.81%) (Fig. 6d). In particular, the Jsc and FF 

values of Structure 4 increased to 3.04 mA cm–2 and 0.38, 

respectively, after incorporating graphene structures into both the 

compact TiO2 and mesoporous TiO2 layers. The improvement in 

these parameters (Jsc and FF) can be ascribed to the fact that the 

conductive graphene in the cells enhances the charge transport rate 

and suppresses the charge recombination. Moreover, it is 

reasonable to expect that the presence of graphene in both the 

compact and mesoporous TiO2 layers provides a thermodynamically 

favorable energy transfer path and potentially offers an extra 

graphene to graphene conduction path both of which enable 

successful charge collection and hence higher PCE (see Fig. 6d′). A 

detailed investigation on the effect of carbonaceous materials in 

the TiO2 photoanodes of PSCs is ongoing research in our group. 
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Fig. 6 J–V curves (top) and the corresponding energy level diagrams (bottom) of TCGF film based PSCs with and without graphene in the 
semiconducting oxide layers. The device structures are shown in the insets. The word abbreviations are as follows: RGO – reduced 
graphene oxide; graphene – GPN; mp-TiO2 – mesoporous TiO2; cp-TiO2 – compact TiO2. 

 

The external quantum efficiency (EQE) is an important parameter 

for evaluating the performance of solar cells. PSC devices (Structure 

4 in Fig. 6) with TCGF and graphene in mesoporous and compact 

TiO2 were chosen for EQE analysis. For comparison, the EQE 

characteristic of the conventional PSC fabricated on FTO electrode 

without graphene was also investigated. Fig. 7 compares the 

obtained EQE spectra. Both cells show a broad EQE peak across the 

visible region, typical for PSCs.66 The cell fabricated with graphene 

(Structure 4 in Fig. 6) shows a similar shape to the FTO-electrode 

based PSC (see Fig. 7 inset) but much lower EQE value, showing that 

the difference is wavelength independent which indicates that the 

use of graphene film did not alter the internal mechanism of the 

PSC. The lower EQE value of TCGF based cell is expected when 

considering the low PCE obtained, as discussed previously. 

Moreover, the stability of these two PSCs, namely FTO-based and 

TCGF-based, was investigated for 60 h and the results are plotted in 

Fig. S6. The degradation rate of TCGF based cell was very similar to 

that of an FTO-based device.  

 

Table 2 Summary of the PV performance of PSCs (Structure 1-4, 
shown in Fig. 6) with RGO incorporated in different segments. 
Average values and the standard deviation (at least three cells for 
each structure) of the PSCs are shown. Parameters of the best cells 
are also highlighted in bold. 

Device Jsc (mA cm–2) Voc (V) FF η (%) 

Structure 1 2.55; 2.55 ± 

0.03 

0.690; 0.689 

± 0.001 

0.35; 0.35 

± 0.01 

0.62; 0.62 

± 0.00 

Structure 2 2.77; 2.75 ± 

0.02 

0.684; 0.686 

± 0.002 

0.36; 0.36 

± 0.00 

0.66; 0.65 

± 0.01 

Structure 3 2.90; 2.85 ± 

0.05 

0.690; 0.695 

± 0.005 

0.38; 0.38 

± 0.00 

0.75; 0.74 

± 0.01 

Structure 4 3.05; 2.94 ± 

0.11 

0.687; 0.689 

± 0.002 

0.38; 0.38 

± 0.01 

0.81; 0.79 

± 0.02 

 

Fig. 7 EQE spectra of FTO electrode (black dots) and TCGF (blue 
dots, Structure 4 (from Fig. 6 and Table 2)) based PSCs. Inset shows 
the expanded EQE spectrum of RGO electrode based PSC.  

 

The initial reported PCE of PSCs was relatively low but has increased 

rapidly in just a few years. It is anticipated that PCE of TCGF in PSCs 

will show a similar rapid improvement as they have in other solar 

cell architectures.19 A promising result is that the observed Voc for 

all devices fabricated with TCGF films were similar to that of FTO 

electrodes based cells, indicating that the energy bands of graphene 

are suitable for application in PSCs, supporting theoretical 

predictions.32 Therefore, our results demonstrate that the use of 

graphene films as the electron transporting transparent conducting 

electrode in the PSCs is viable. The two key areas for research are 

the improvement in Rs with high transmittance and the creation of 

flexible PSCs using TCGFs. Further modification of the reduction of 

GO to increase flake size could produce graphene films with better 

performance for PSCs without increasing manufacturing cost.  
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Conclusions 

Herein, we demonstrate the feasibility of transparent conductive 

graphene films (TCGFs) formed by solution processing as 

alternatives to the conventional transparent conducting oxide (TCO) 

electrodes in PSC devices. The TCGFs were prepared by using a low-

temperature annealing process as well as chemical post-

treatments. By using an optimal balance of Rs and transparency of 

the graphene films, a maximum PCE of 0.62% was obtained. By 

incorporating graphene structures into both compact TiO2 and 

mesoporous TiO2 layers of the PSCs, the PCE was further improved 

to 0.81%. Further PCE enhancement is expected in this class of solar 

cells by applying high-quality graphene films with improved 

electrical conductivity and high transparency. Finally, we anticipate 

that the current work will open new avenues for the development 

of graphene materials in perovskite based solar cells. 

Experimental 

Materials 

Unless otherwise specified, all chemicals were purchased from 

Sigma-Aldrich and used without further purification. 

Methylammonium iodide (CH3NH3I), TiO2 paste (18NR-T) and tris(1-

(pyridin-2-yl)-1H-pyrazol)cobalt(III)tris(hexafluorophosphate) 

(FK102 Co (III) PF6) salt were purchased from Dyesol. (2,2′,7,7′-

tetrakis-(N,N-di-p-methoxyphenylamine)-9,9′-spirobifluorene) 

(Spiro-OMeTAD) was obtained from Solaronix. 

 

Preparation of graphene films 

Graphite oxide was prepared via the oxidation of natural graphite 

according to an improved Hummers method.34 In brief, a 9:1 (v:v) 

mixture of concentrated sulfuric acid (95-98% H2SO4) and 

phosphoric acid (85% H3PO4) (240:27 mL) was kept in the cold room 

(3-5oC) until it was added to a mixture of graphite flakes (2 g) and 

potassium permanganate (99% KMnO4) (12 g). Then the oxidation 

process was carried out by stirring at 50oC for 12 h. Upon 

completion, the reaction was cooled down to room temperature 

and poured onto ice (approximately 300 mL) with 30% hydrogen 

peroxide (H2O2) (2 mL). The mixture was then washed with distilled 

(DI) water, 30% hydrochloric acid (HCl) and ethanol (2 times). For 

each sequential wash, the product was centrifuged at 4400 rpm for 

3 h and the supernatant decanted away. The obtained light brown 

sample was then vacuum-dried overnight at room temperature. 

The as-prepared graphite oxide was exfoliated in water (1 mg mL–1) 

by bath ultrasonication (Elma, Germany) for 40 min in the presence 

of SDBS (1 wt% in the solution). The obtained homogenous 

dispersion was named “GO–SDBS solution”. The GO-SDBS colloidal 

dispersion (10 mL) was chemically reduced by hydrazine 

monohydrate solution (40 µL, 64-65% N2H4 · H2O) and ammonium 

hydroxide solution (120 µL, 30% NH3 · H2O).44 The chemical 

reduction was performed in an oil bath at 100°C overnight. The 

resultant solution (termed as “CRGO-SDBS”) was then diluted with 

DI water to obtain the final concentration of CRGO-SDBS (0.16 mg 

L–1). The diluted solution was further used to prepare the 

transparent films. For comparison, the chemical reduction of GO 

was performed in the absence of SDBS and the resultant solution 

was named CRGO-only.  

The glass substrates (25 mm × 25 mm) were cleaned by detergent 

(Pyroneg) followed by washing with acetone, ethanol and Milli-Q 

water under ultrasonication for 10 min each and subsequently dried 

with a stream of nitrogen gas. The cleaned glass substrates were 

pretreated with 3-aminopropyl-triethoxysilane (APTES) (3% in 

toluene) to improve the surface functionalities of the substrates.24, 

39, 56 Transparent graphene films were prepared on mixed cellulose 

ester (MCE) membranes (0.45 µm HAWP, Millipore) through the 

vacuum filtration of CRGO-SDBS solution.44 The transparency of the 

films was controlled by varying the effective filtration volume of 

solutions. The filtered films (CRGO-SDBS/MCE membrane) were 

subsequently pressed against the APTES-modified glass surface with 

the graphene side in contact with the substrate. The substrates 

where then firmly clamped in place at room temperature for 2 days 

to completely adhere the CRGO-SDBS film to the substrate. The 

MCE membranes were dissolved in an acetone bath to leave CRGO-

SDBS film on the substrate. The obtained CRGO-SDBS films were 

then rinsed with methanol and dried by blowing nitrogen. To 

further improve the electrical conductivity of the films, the as-

produced CRGO-SDBS films were thermally reduced in a tube 

furnace at low temperature (400oC) for 1 h. The annealing and 

cooling processes were performed under the protection of an Ar 

and H2 (20:1) atmosphere. The obtained films are named “RGO-

SDBS”. To remove the residual SDBS surfactants from the films, the 

RGO-SDBS films were then immersed in concentrated nitric acid 

(HNO3, 68%) solution for 3 h and rinsed thoroughly with DI water, 

and dried at 100oC for 1 h in a hot oven. After the application of the 

HNO3-treatment, the samples are called “RGO films”. The AuNPs 

were then deposited onto the RGO films by dynamic spin coating of 

0.5 mM HAuCl4 in nitromethane, and finally dried completely at 

200oC overnight. The prepared films are named “AuNPs–RGO films” 

and have been used to fabricate the PSC devices.  

 

Fabrication of PSC devices 

PSC devices with the structure of graphene anode/compact 

TiO2/mesoporous TiO2/CH3NH3PbI3-xClx/Spiro-OMeTAD/Au were 

fabricated according to the following procedure. The fabrication 

process of PSCs has been reported elsewhere.12, 14 A thin compact 

TiO2 layer was spin-coated onto the previously prepared graphene 

film and/or cleaned FTO electrode (~12 Ω/□, Solaronix TCO30-8) 

substrate at a rotation speed of 2000 rpm for 20 s using 0.2 M 

titanium diisopropoxide bis(acetylacetonate) (75 wt% in 

isopropanol, Aldrich) in 1-butanol solution, followed by heating at 

125oC for 5 min. The same process was repeated twice with the 

above solution, followed by drying at 125oC for 5 min and sintering 

at 500oC for 1h. For the preparation of the graphene incorporated 

compact TiO2 layer, GO-ethanol solution (1 mg mL–1) was added 

into the titanium diisopropoxide bis(acetylacetonate) in 1-butanol 

solution. The concentration of the GO in the composite was 

calculated to be 0.6 wt%. After cooling to room temperature, a 

thick mesoporous TiO2 layer was deposited onto the compact TiO2 

layer by spin coating a solution of TiO2 paste (Dyesol 18NR-T) in a 

2:7 weight ratio to ethanol at 4000 rpm for 30 s. After drying at 

125°C for 5 min, the films were sintered at 500°C for 1 h. The 
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mesoporous TiO2 deposited films were then immersed in 40 mM 

aqueous TiCl4 (Aldrich) solution at 70oC for 30 min, which was again 

annealed at 500oC for 30 min. Similarly, to prepare the 

graphene/mesoporous TiO2 layer, the GO-ethanol solution was also 

added into the diluted TiO2 paste solution and the concentration of 

the GO in the composite was controlled to be 0.2 wt%. The GO in 

the compact and/or mesoporous TiO2 layers can simply be 

converted to graphene during the annealing processes. Moreover, 

during the deposition of the compact and mesoporous layers on the 

transparent electrodes, Parafilm® M seal was rolled onto one side 

of the TCGFs to protect the graphene anode contact. After the 

completion of all annealing processes at 500oC, conductive adhesive 

tape was carefully applied onto the graphene anode to serve as 

electrical contact. Notably, we measured the Rs of the graphene 

films before and after annealing at 500oC for 1h as this thermal 

annealing process was done after the deposition of TiO2 layers and 

no significant changes in the Rs were observed. Particularly, the Rs 

of HNO3 and HAuCl4 treated RGO films before and after thermal 

treatment at 500oC were measured to be 4.08 ± 0.04 kΩ/□ and 4.21 

± 0.12 kΩ/□, respeccvely. It should also be noted that for the 

fabrication of PSC devices with graphene structures, the thermal 

annealing processes at more than 400oC were carried out under the 

protection of Ar to protect graphene from the mild oxidation.  

For the preparation of CH3NH3PbI3-xClx perovskite, a 1:3 molar ratio 

of PbCl2:CH3NH3I was mixed in anhydrous N, N-Dimethylformamide 

(DMF) solution (99.8% Aldrich), with the concentration of 0.73M 

and 2.2M, respectively. The mixture was stirred at room 

temperature for at least 6 h before spin coating (100 µL of the 

solution) onto the mesoporous layers at 2500 rpm for 30s in air and 

then heated at 100oC for 1 h. The deposition process of the 

perovskite was carried out in controlled humidity under 35%. 

The HTM (120 µL of the prepared solution) was then deposited 

onto the perovskite layer by spin coating at 4000 rpm for 30 s in a 

nitrogen-filled glovebox. The HTM was prepared by dissolving 72.3 

mg Spiro-OMeTAD, 28.8 µl 4-tert-butylpyridine (tBP), 17.5 µL of a 

stock solution of 520 mg mL–1 lithium 

bis(trifluoromethylsulphonyl)imide (Li-TFSI) in acetonitrile and 29 µL 

of a stock solution of 300 mg mL–1 FK102 Co(III) PF6 salt in 

acetonitrile, in 1 mL chlorobenzene. Finally, 60 nm gold electrodes 

were deposited on top of devices by thermal evaporation at a rate 

of 1 Å s–1 under a high vacuum (~10–6 bar) through a shadow mask. 

 

Measurement and characterizations 

AFM images were acquired in air using a Bruker Dimension FastScan 

AFM with Nanoscope V controller, operating in tapping mode. 

Silicon cantilevers (MikroMasch) with a fundamental resonance 

frequency of between 300 and 400 kHz were used. Images were 

obtained using a scan rate of 1 Hz with the set point, amplitude, 

and feedback control parameters optimized manually for each 

sample. The images presented have been flattened using 

NanoScope Analysis v1.4 software. SEM images were obtained 

using an Inspect F50 SEM (FEI) with accelerating voltage of 20 kV. 

EDX analysis was completed on the same system with Team EDS 

Octane Pro (EDAX) attachment. ATR-FTIR spectra were acquired 

over a wavenumber range of 4000-650 cm–1 in transmission mode 

using a Frontier FTIR spectrometer (Perkin Elmer, USA) with a 

germanium crystal. The elemental compositions of the samples 

were characterized at binding energy ranging from 0 eV to 1200 eV 

using a XPS, Leybold Heraeus LHS-10 with a SPECS XR-50 dual anode 

source operating at 250W. The Mg-Kα source, which has energy of 

1253.6 eV, was used for the XPS analysis. Curve fitting of the C1s in 

XPS spectra was done using peak fitting software "Fityk".72 High 

resolution XPS of the C1s were collected with a step size of 0.1 eV 

and the presented spectra are an average of 5 collections. Raman 

spectroscopy was performed on LabRAM HR Evolution 

spectrometer (Horiba Jobin Yvon, Japan). Raman spectra were 

collected using a 532 nm laser (mpc 3000) as the excitation source. 

A 50x objective was used with a confocal hole size of 100 μm. 

Thermal decomposition of SDBS was performed using a thermal 

gravimetric analyser (TA Instruments TGA 2950 Thermogravimetric 

Analyzer, USA) under a flow of nitrogen at a rate of at 20.0 mL min-

1. The transmittances of the films on glass slides were determined 

using a Varian Cary 50G UV-vis Spectrophotometer at wavelengths 

ranging from 400 to 1000 nm. Sheet resistance measurements were 

performed on the same films using a four point probe technique 

(KeithLink Technology Co., Ltd. Taiwan). The J–V curves were 

measured using a Keithley 2400 SMU instrument and recorded 

using a custom LabView Virtual Instrument program. A standard 

silicon test cell with NIST-traceable certification was used to 

calibrate the power density as 100 mW cm−2 at the sample plane of 

the collimated xenon-arc light source, which was passed through an 

AM 1.5G filter. The active area of each device was 0.075 cm2. The J-

V curves were obtained in the air in reverse-scan direction from 1 V 

to -1 V. EQE measurements as a function of wavelength ranging 

from 400 nm to 800 nm were taken by passing chopped light from a 

Xenon source through a monochromator and onto the devices. 
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Solution processed graphene electrodes are used as 

transparent electrodes in perovskite solar cells to test their 

feasibility. The efficiency obtained using the transparent 

graphene electrodes is further improved by employing 

graphene into both compact and mesoporous TiO2 layers of 

the devices. 
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