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Abstract 

In this work we compare seven different types of natural and synthetic graphite particles and 

examine how their integration into the cathode of carbon-based perovskite solar cells (C-PSCs) 

is influencing their opto-electronic properties. By combining x-ray diffraction, Raman 

spectroscopy and 4-point probe measurements we show that the differences in graphite 

crystallinity significantly affect the sheet resistance of the carbon-based cathode. The most 

conductive carbon-based film with an exceptional sheet resistance of 4 Ω/sq. have been produced 

from scaly graphite with the crystallite dimensions of La=60.6 nm and Lc=28.6 nm. 

Electrochemical Impedance Spectroscopy further revealed that charge transfer resistance at the 

perovskite/carbon contact differ for each graphite type. Overall, the pyrolytic graphite was found 

to be the best compromise between high conductivity and low charge transfer resistance leading 

to least series resistance losses and a fill factor (FF) above 74% (in perovskite solar cells with 

area of 0.64 cm2). However, an overall efficient hole extraction and less non-radiative charge 

recombination in C-PSCs with scaly graphite resulted in the highest average power conversion 

efficiency and a champion device reaching 14.63%. All the C-PSCs display exceptional moisture 

stability for 5,000 h under ambient condition, with a PCE decrease of less than 3%.  

 

Keywords: perovskite, graphite, photovoltaics, conductivity, carbon 
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1. Introduction 

In recent years, the field of perovskite opto-electronic devices has attracted researchers across the 

globe due to the unique properties of perovskite materials, providing a broad spectrum of 

applications to explore.1,2 One of the most rapidly developing fields is perovskite photovoltaics 

(PV), where the state-of-the-art laboratory-scale solar cells can already compete with the 

traditional silicon solar cells in terms of power conversion efficiency (PCE).3 Despite 

tremendous progress in the development of strategies to boost PCEs of such solar cells, the up-

scaling to perovskite solar modules is still challenging, partially due to the fact that most of the 

high-efficient devices have been manufactured by spin-coating method.4,5 Additionally, the use 

of organic doped hole-selective layers (HSL) and costly counter electrodes, which consist of 

noble metals, not only strongly elevates the cost6,7 and CO2-footprint8 of such PV devices, but 

also reduces their stability.9–12 A solution to these issues can be realized by the implementation 

of the HSL-free perovskite solar cells with carbon-based electrodes (C-PSCs),13 which primarily 

consist of graphite and carbon black particles.14 These low-cost electrodes can provide a 

comparably high conductivity, while simultaneously hindering the moisture and air ingress into 

the PSC, owing to the hydrophobic nature of thick carbon-based back-contact.15–18 

In 2014 Mei et al. have proposed to use a triple-layer C-PSC architecture consisting of 

mesoporous titanium dioxide (m-TiO2) as electron-selective material, zirconium dioxide (ZrO2), 

acting as a spacer layer and a carbon-based electrode, consisting primarily of graphite flakes and 

carbon black nanoparticles.19 After the triple-layer m-TiO2/ZrO2/C cell stack is deposited, it is 

infiltrated with a perovskite precursor solution, which penetrates through the pores and 

crystallizes into perovskite photoabsorber upon the removal of the solvent (e.g. by 

annealing).17,19–21 Although C-PSCs represent a promising route towards low-cost, stable and 

sustainable option for perovskite photovoltaics, the PCEs of those devices still lag behind the 

conventional ones with metallic electrodes and organic hole-selective layers.22  

In C-PSCs, the graphite acts as both a hole extraction layer and a back-electrode. For the latter, it 

is important to achieve low series resistance losses to maximize the fill factor (FF), in order to 

reach high power conversion efficiencies in solar cells and modules. The total electrode 

resistance is defined by two parameters: material resistivity and electrode dimensions (i.e., width, 

length and thickness). As the width and length are determined by the layout, thickness can be 
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increased in order to reduce the series resistance. However, since in C-PSCs, the perovskite 

solution needs to penetrate through the entire porous cell stack, very thick electrodes result in 

incomplete pore filling and reduced photovoltaic performance. In addition to the lateral 

conductivity, the series resistance is also affected by the interfacial resistance that depends on the 

quality of the carbon/perovskite contact. Therefore, addressing the issue of electrode 

conductivity and interfacial resistance  in C-PSCs becomes crucial for boosting the power 

conversion efficiencies (PCEs) of such cells.  

Graphite is a crystalline material, consisting of hexagonally arranged 2D carbon sheets which are 

stacked onto each other via weak van der Waals interaction.23 Over the years, the properties of 

different natural artificial graphite types have been studied by researchers in detail. However, a 

quantitative comparison of these graphite types in the context of applications for electrodes in 

perovskite solar cells has not yet been carried out and is therefore addressed here.  

In this work, we demonstrate how the graphite crystal type which originates from the 

graphitization route influences the structural and electronic properties of the graphite particles 

and the carbon-based electrodes containing them, which consequently affect the performance of 

the final C-PSCs. The characteristics of six different types of graphite crystals have been 

investigated which will be referred to as artificial, scaly, pyrolytic, flaky, needle, amorphous 

graphites. These are compared with a reference graphite obtained from a commercially available 

carbon-graphite paste (Elocarb B/SP produced by Solaronix SA). Scaly (sometimes also referred 

to as lump or vein graphite), flaky and amorphous graphites belong to the naturally occurring 

types of graphite, which can be extracted from ore deposits. The high-quality artificial, needle 

and pyrolytic graphites are the so-called synthetic graphites, which can be produced from 

petroleum- or coal-based coke heated up to high temperatures (2500-3000°C) for graphitization – 

a process when carbon atoms re-arrange to form graphite particles.24  

We have coupled the results from X-ray diffraction (XRD) with Raman spectroscopy to evaluate 

the crystallite dimensions and defect density of each graphite type. Each graphite type was 

furthermore used to produce separate carbon pastes, which were implemented to prepare carbon-

based electrodes for the C-PSCs. We quantitatively compare the resistive losses due to different 

sheet resistance of these carbon-based electrodes. Moreover, the effect of the electrode on charge 

extraction and recombination at the carbon/perovskite interface were assessed to identify the 
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most optimal graphite type. The highest efficiency was achieved with a scaly graphite type 

electrode that yielded remarkably low sheet resistance of 4 Ohm/sq. and a PCE of 14.63% with a 

FF of 71.1% (on 0.64 cm²) These new findings highlight the significance of the choice of 

graphite for the development of efficient perovskite PV devices with carbon-based electrodes. 

 

 

2. Experimental Details 
 

2.1. Materials 

Fluorine-doped tin oxide glass substrates TCO22-7/LI (sheet resistance 7 Ω/sq.), silver paste 

Elcosil SG/SP, titania paste Ti-nanoxide T165/SP, zirconia paste Zr-nanoxide ZT/SP, carbon-

graphite paste Elocarb B/SP and methylammonium lead iodide perovskite solution with 5-

ammonium valeric acid additive (5-AVAI) were provided by Solaronix SA. Acetone was 

purchased from Carl-Roth, ethanol was purchased from Alcosuisse. Titanium diisopropoxide bis 

(acetylacetonate) (75% in isopropanol), Hellmanex and isopropanol were purchased from Sigma-

Aldrich. Flaky (V14), scaly (SPR150) and pyrolytic (PC30) graphite powders were obtained 

from Ito graphite Co. Amorphous and needle graphite powders were purchased from Oriental 

Industry Co. Ltd., whereas artificial graphite fine powders (UFG30) were purchased from Showa 

Denko K.K. Experimental graphite pastes were prepared as analogues of Elcocarb B/SP 

manufactured by Solaronix SA, substituting the reference graphite for another graphite types. 

 

2.2. Fabrication of perovskite solar cells with carbon-based electrodes 

 

Devices were fabricated on 10 x 10 cm² plates of FTO-coated glass. First, a laser pattern defined 

cathode and anode areas with an automated fiber laser. After that, the substrate was subjected to 

sequential cleaning steps in 1% aqueous solution of Hellmanex, acetone, and isopropanol 

respectively (15 min each) in an ultrasonic bath and subsequently dried in air. The thin compact 

titania layer (c-TiO2) was grown by spray-pyrolysis on a hot-plate set to 450°C, using a glass 

mask to protect the contact areas. A volume of 20 mL of titanium diisopropoxide bis 
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(acetylacetonate) diluted in absolute ethanol (1:160) was sprayed with oxygen as a carrier gas, 

and warming was prolonged for 30 min before allowing the sample to cool down. An array of 18 

electrodes was subsequently defined by screen-printing silver contacts, m-TiO2, ZrO2 and carbon 

paste using a 100-40, 165–30, 90–48, and 43–80 mesh stencil, respectively (the number of 

strands is per cm). After printing the wet film, each screen-printed layer was allowed to dwell for 

10 min before drying at 120°C for 10 min, followed by a firing step at 500°C (or 400°C for 

carbon) for 30 min, after a 30 min ramp.  

The freshly fired electrodes were masked with an adhesive polyimide gasket (provided by 

Solaronix) to delimit the wet area. The perovskite precursor was re-dissolved at 70°C right prior 

to use. An empirically determined volume of 5.76 µl of the perovskite precursor solution was 

dropped in the center of each electrode using a micropipette. The infiltration of the perovskite 

ink was done using a home-made semi-automated dispensing system. The wet samples were then 

moved to an oven set to 50°C where they were dried for 60 min, thus forming the perovskite 

crystals in the porous electrode structure. The polyimide adhesive gasket was carefully peeled off, 

and the solar cells were individualized by cutting the glass substrate into the corresponding solar 

cells. The resulting devices were submitted to heat and damp treatment at 40°C and 75%r.h. for 

150 h. according to the previously reported method by Hashmi et al.25 

 

2.3. Characterization 

The crystal structure of the graphite was characterized by X-ray diffractometer MiniFlex II, 

Rigaku using CuKα radiation at a scan rate of 2°/min (for patterns between 3 and 0.4°/min (for 

more highly resolved patterns along specific planes). Raman spectra were measured on aWITec 

alpha500 Spectrometer with a Nd:YAG laser (λ = 532 nm) using a thermoelectrically cooled 

CCD  detector in a range of 70-3700 cm-1. The optical microscopy images were obtained by an 

OLYMPUS BX50 stereomicroscope and a sCMOS camera ("Zyla 5.5 sCMOS" by Andor) while 

the partial illumination of the sample was provided by a halogen lamp. To measure sheet 

resistance, a portion of the carbon paste was casted into a film on bare glass, which was covered 

on two ends with parallel strips of adhesive tape. Those acted as spacer for the subsequent blade-

coating of the carbon paste. The freshly casted layer was fired at 400°C for 30 min. After cooling 

down to room-temperature, the sheet resistance of resulting carbon layer was measured in several 

places with a 4-pin probe sheet resistance meter Guardian Manufacturing SRM-232-100. 
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Scanning Electron Microscopy (SEM) images were obtained with a Zeiss Auriga 60 electron 

microscope. The current-density and voltage curves of as-prepared solar cells were measured 

under simulated AM1.5G illumination at a scan rate of 4.17 mV/s. Time-resolved PL decay 

measurement were conducted using an externally triggered, optically widened CW laser 

(Coherent Orbis) of 660 nm wavelength with 100mW power, with a fall and rise time (10% and 

90%) below 2 ns. The laser was triggered to produce rectangular-shaped signals at 7Hz 

frequency. For the transient photovoltage measurement (Voc decay), cells were illuminated using 

a red LED (635 nm) from Thorlabs. All the cells were light soaked for 15ms followed by 

switching off  the light, after which the resulting voltage decay curve was captured using a 

PicoScope 5000 series. The measurement was carried out in a dark room to prevent the influence 

of stray light. The Electrochemical Impedance Spectroscopy (EIS) was carried out using a Ivium 

CompactStat in the frequency range of 100mHz to 1MHz at negative voltage bias and under 

illumination of 100 kLUX. Steady state Photoluminescence measurements were performed with 

an Andor Shamrock 193i Czerny-Turner type spectrometer. The illumination source is a 

frequency doubled Nd-YAG laser from Pegasus laser systems (Pluto, P532.400, λ=532 nm). Its 

intensity is adjusted to a value such that ISC of the measured cell matches ISC measured on the 

mismatch corrected solar simulator ensuring the PL measurement to be conducted in an 

excitation regime close to one sun illumination. The current-density and voltage curves of aged 

devices were measured with a source meter (Keithley 2400) at a scan rate of 50 mV/s using a 

class A solar simulator providing 100 mW/cm2, AM 1.5G illumination.  

3. Results and Discussion 

The difference between various types of graphite crystals originates from the graphite formation 

process at the source (i.e. ore deposits) and/or preparation methods. These differences result in 

fundamentally different crystal structures and morphology, which have a direct impact on the 

electronic properties.26 In this study, we compared six different types of graphite: artificial, scaly, 

pyrolytic, flaky, needle and amorphous. Additionally, the graphite used in the Elocarb B/SP 

carbon paste produced by Solaronix SA was considered as a reference, as it is often used for the 

preparation of C-PSCs.21,25,27–29  

We firstly perform X-ray diffraction measurement on graphite powders, in order to gain insights 

into the graphite crystal structure. Since graphite is a polycrystalline material, one needs to 
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differentiate between the flake/particle (which is normally in the µm range) and the crystallite 

size, which consists (with exceptions of impurities) of periodically repeated and hexagonally 

arranged carbon atoms. Fig 1a, displays a visual representation of a small graphite particle/flake 

consisting of four crystallites as an example. From the XRD patterns of each graphite type (Fig. 

1b) the most pronounced peak appears at approximately 2θ = 26.4°, corresponding to the (002) 

plane (Fig. 1b). Additionally, peaks at 2θ = 44.1-44.5°, 42.1-42.3°, 54.4-54.5°, 59,5° and 77.1-

77.4° corresponding to (100), (101), (004), (103) and (110) planes, respectively, can be observed.  

 

 

Figure 1: (a) Illustration of a graphite particle consisting of crystallites, represented by stacked uninterrupted 2D carbon layers, 
depicting crystallite height (Lc) and lateral dimensions (La) (b) XRD patterns of different types of graphites, showing reflections 
affiliated with corresponding planes. (c) close-up of image a), showing diffraction intensities of different types of graphite along 
(002) plane. 

The diffraction intensity along such (00l) planes can be related to the crystallite height (Lc),
30–32 

whereas intensities from (hk0) planes yield information about the size of a 2D carbon layer 

(La),
30,33,34 illustration of which can be seen in Fig. 1c. We use Scherrer equation with a shape 

factor K = 0.94 for polycrystalline graphite to find the crystallite height from the diffraction 

along (002) plane, revealing that the scaly graphite has the highest Lc of 60.6 nm, followed by 

artificial (51.5 nm), pyrolytic (50.3 nm) and flaky (48.3 nm) graphites, while amorphous, needle 

(b) (c) 

(a) 
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and our reference graphite exhibit lower crystallite height. The two-dimensional carbon layer 

dimensions La, determined from the (110) reflection, can be derived, according to Warren,33 by: 

�� =
1.84 ∙ 	


�� ∙ cos�
 

The calculated La for different types of graphites are displayed in Table 1, where the scaly 

graphite has the largest crystallite lateral size of 28.6 nm. These results show that after the 

graphitization process, scaly graphite provides the largest crystallites (regarding height and 

lateral size). We hypothesize that graphites with a larger uninterrupted periodic crystal structure 

would result in less grain boundaries and provide better charge carrier mobility as well as faster 

charge transport along graphite, resulting in better conductivity.  

Table 1: Crystallite height (Lc), crystallite lateral dimensions (La) and ID/IG band ratio describing the lattice disorder in different 
types of graphites. 

Graphite type Lc (nm) La (nm) ID/IG 
Reference 18.7 43.7 0.08 
Artificial  20.3 51.5 0.069 
Scaly 28.6 60.6 0.064 
Pyrolytic 20.7 50.3 0.033 
Flaky 19.7 48.3 0.041 
Needle 16.3 42 0.113 
Amorphous 14.8 37.8 0.109 
 

To gain more insight into the density of crystal defects, Raman spectra of each graphite type 

were measured (Fig.2). The bands at 1355 cm-1 and 1580 cm-1 are commonly attributed to D and 

G bands respectively, while the 2D band appears at around 2670 cm-1. The D band is normally 

defect-induced and occurs only when the translational symmetry of two-dimensional carbon 

periodic structure is broken, resulting in A1g vibrational mode, while the G band is strongly 

related to the E2g vibrational mode of the sp2-hybridized carbon lattice.30,34 Therefore, the 

intensity ratio of D and G bands (ID/IG) is often used as a measure of lattice disorder,34,35 which is 

low for highly crystalline graphene/graphite and high for turbostratic or disordered structure of 

non-graphitic carbon. As seen from the obtained Raman shift spectra in Fig. 2, the ID/IG is 

increasing in the order pyrolytic < flaky < scaly < artificial < reference < amorphous < needle. 

This result suggests that pyrolytic type of graphite possesses the lowest number of structural 

defects and provides potential for reaching higher charge carrier mobility and layer conductivity, 
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consistent with the demonstrated reports displaying well-aligned individual crystallites with a 

low mosaic spread angle in pyrolytic graphite.36  

 

Figure 2: Raman shift spectra of different graphite types, highlighting the D-, G- and 2D-bands, as well as the ratio of intensities 
of D- and G-bands for each type. 

Coming from the sub-nanometer crystallites to the larger graphite flakes, we recorded SEM 

images, of powders of each graphite type, as presented in Figs. S1 and S2. The flakes of artificial, 

scaly, pyrolytic and flaky tend to be larger and more parallel-stacked, whereas the amorphous 

one tends to form separate small-sized clusters. Our reference graphite does not exhibit large 

crystals, although tightly interconnected in between and seems to be more truncated than most of 

other graphite types. 

Next, these graphite powders were used for the preparation of respective carbon-based pastes, in 

order to screen-print them on the cell stack shown in Fig. 3. The pastes were prepared in exactly 

same manner as it was done for the reference Elocarb B/SP paste, except for the replacement of 

reference graphite with the natural and synthetic graphite powders described above. Regarding 

the optical appearance, the pastes with needle and amorphous types proved to result in layers of 

comparable high quality as homogeneously as the reference one. In contrast, those containing 

artificial and flaky graphites seemed to be printed less homogeneous, as seen from the optical 

microscopy images in Fig. S3 where an obvious pattern resulting from the screen mesh is visible. 

Moreover, in all the deposited layers, except for the reference and the one containing pyrolytic 

graphite, several small voids could be observed in the microscope, possibly arising from the 
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inhomogeneous spreading of the paste. The pastes containing scaly graphite was the most 

challenging to print evenly across the whole printing pattern, suggesting a correlation between 

the graphite flake size and paste rheology. 

 

Figure 3: (a) Architecture of the fabricated carbon-based perovskite solar cells. (b) Energy band diagram of the C-PSCs 
depicting the extraction of photogenerated electrons (green) and holes (red) by the m-TiO2 and carbon-based electrode, 
respectively. 

The fabricated C-PSCs have a standard structure , constituting fluorine-doped tin oxide (FTO) as 

a front electrode, compact titanium dioxide (c-TiO2) as a hole blocking layer, mesoporous 

titanium dioxide (m-TiO2) acting as an electron selective layer, a spacer layer of zirconium 

dioxide (ZrO2) covered by a carbon-based back-electrode (Fig.3). After the cathode deposition, 

the cells were filled with the mixed dimensional (2D/3D) 5AVA1-x(CH3NH3)xPbI3 perovskite 

absorber, employing an automatic CNC-controlled pipetting device with precisely controlled 

drop-casting. The measured photoluminescence (PL) spectra of each cell type (Fig. S4) 

confirmed the peak position at 764 nm and a bandgap of 1.62 eV, consistent with the previous 

reports on C-PSCs with such absorber.27 Since the perovskite properties are not influenced by the 
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graphite type in the electrode, it is not surprising that the PL peak for all cell types is the same. 

Nine cells with carbon-based electrodes of each graphite type were fabricated and J-V scans were 

measured under a solar simulator. The current density (Jsc), open-circuit voltage (Voc), fill factor 

(FF) and power-conversion efficiency (PCE) are presented in Fig. 4. Cells with reference, 

artificial and scaly graphites display slightly higher Jsc and Voc than the pyrolytic, flaky and 

needle graphites.  The most pronounced difference between the cells is seen in the FF. This is not 

surprising, considering that one of the main roles of carbon-based layer is being a back-contact 

of the cell and the resistance losses in the cell are strongly affected by it. Remarkably, some C-

PSCs with electrodes constituting pyrolytic graphite flakes have FFs even above 74%, although 

the devices with scaly and artificial graphites that yielded the highest PCE did not have the 

highest FFs. The scaly graphite in the carbon-based electrode was found to be the most optimal 

type, leading to a champion efficiency of 14.63%. Notably, as seen from the cross-sectional SEM 

(Fig S5) images although the carbon-based electrodes with scaly graphite were found to be the 

thinnest (probably attributed to inhomogeneous layer printing), their sheet resistance is the 

lowest, suggesting that the FF can be further improved by increasing the electrode thickness. 
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Figure 4: JV-parameters obtained from reverse (red) and forward (blue) voltage sweeps of C-PSCs with electrodes made of 
different graphite types. 

To elucidate the influence of graphite type on the cell's series resistance losses we performed 

sheet-resistance measurement and electrochemical impedance spectroscopy (EIS) on the cells. 

From the sheet resistance measurement shown in Fig. 5, the scaly and pyrolytic graphites display 

exceptionally low sheet resistance close to 4 Ω/sq. lower than the sheet resistance of conducting 

oxides such as fluorine- or indium-doped tin oxides with comparable sheet resistances of 7-10 

Ω/sq. and 13-20 Ω/sq. respectively,37–39 which are widely used in PSCs. Moreover, all the other 

types of carbon-layers except for needle, reference and amorphous ones, exhibit sheet resistance 

below 10 Ω/sq. highlighting great potential to be an efficient alternative to costly metal-based 

contacts. From Fig. 5 it can be seen that the trends between the sheet resistance and the series 

resistance (Rs) extracted from the EIS measurements are in good accordance. The results indicate 

that the high crystallite height Lc, low number of structural defects, high graphite crystallinity 

and flake stacking (as in the case of scaly, artificial, pyrolytic and flaky graphites) seem to 

strongly reduce the series resistance losses of the solar cell, positively influencing the PCE. 
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Figure 5: Fill factor of C-PSCs fabricated using different graphite sources from applied reverse and forward voltage scans, 
which correlates with the sheet resistance of the respective carbon-based electrode and series resistance (Rs) obtained from the 
Nyquist plot (3 cells per group are shown, measured at 0.6V). 

Looking at the SEM cross-section of the cells, presented in Fig. S5, we note that the cells with 

artificial, scaly, pyrolytic and flaky graphites are well-aligned along the longitudinal plane (i.e. 

in-plane with the substrate) providing an efficient lateral charge transport through the highly 

conductive carbon-based contact. On the contrary, in needle graphite vertically arranged flakes 

are frequently occurring, hindering efficient charge transport along the longitudinal plane. In 

amorphous layers, the graphite flakes are much smaller than in other cells. This indicates that the 

exceptionally low series resistance of the cells with scaly, pyrolytic and flaky graphites could 

also partially originate from the large and well-aligned flakes of the respective carbon layers.  

  

Although the correlation between the Rs of the cell and FF are clear, there are some deviations 

from this trend (e.g. the most conductive scaly graphite does not have the highest FF). At the 

Nyquist plot in Fig.S6, two semicircles can be observed: the high-frequency one, which was 

attributed to the perovskite/carbon interface and the low-frequency one, which corresponds to 
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charge recombination resistance at perovskite/TiO2 interface. The latter one is similar in all cells 

regardless of the respective graphite type due to unaltered properties of the perovskite/TiO2 

contact. The perovskite/carbon interface changes depending on the graphite type in the carbon-

based electrode. As shown in Fig.6b, the lowest interfacial resistance (RCE) at the counter-

electrode was seen in the flaky graphite, followed by the artificial one. Therefore, we postulate 

that the FF is influenced by the final interplay between the Rs and the interfacial resistance RCE at 

the perovskite/carbon contact. 

 

Figure 6: Rs and RCE extracted from the Nyquist plots at different applied voltage bias for C-PSCs with various graphite types 

Looking closer at the semi-circle corresponding to carbon/perovskite interface, it can be noticed 

that cells with reference, artificial and scaly graphites display the smallest capacitance at the 

interface with values below 80 nF (Fig. 6c). This means that less charge accumulation happens 

on each side of the interface, providing an easier hole injection from perovskite to carbon and 

resulting in higher Jsc values. To confirm this, we additionally perform time-resolved 

photoluminescence (TRPL) measurements, evaluating charge carrier extraction by the selective 

layers. The only difference between the samples is the graphite source, which makes it 

reasonable to assume that perovskite/m-TiO2 interface is similar in all cases, as also suggested by 

the EIS results. Thus, it is reasonable to assume that the variations between the PL decays after 

excitation arises from the different graphite types and carbon/perovskite contact. The carrier 

extraction time was estimated by fitting the TRPL measurement to a bi-exponential decay 

function (Fig. S7). Scaly, artificial and reference graphites have a short extraction time of 6.92 ns, 

9.79 ns and 10.54 ns respectively, whereas in cells with pyrolytic, flaky, needle and amorphous 
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graphite types, charge extraction time is longer – 14.91 ns, 22.63 ns, 12.37 ns and 11.53 ns 

respectively. The shorter charge carrier extraction time suggests that the hole extraction by 

graphite are enhanced, leading to higher photo-currents, which have been demonstrated earlier in 

Fig.4. 

The difference in Voc between cells with different graphites, suggests that the non-radiative 

recombination at the back-contact can also be influenced by the graphite type. The transient Voc 

measurement conducted in high-perturbation mode (details in Experimental Section) are shown 

in Fig.S8 which indicates that the charge carrier recombination at the back-contact is slower in 

cells with scaly graphite, followed by reference, artificial and amorphous types. The fastest 

recombination seen in the Voc decay occurs in cells with needle graphite, suggesting that the 

recombination at the perovskite/carbon interface in such type of cells is the highest. Interestingly, 

amorphous flakes, which have the highest portion of non-graphitic carbon (as was demonstrated 

from Raman Shift spectra) does not have a negative effect on the recombination at the back 

contact and Voc. The trend between the recombination at the back-contact aligns with the 

measured Voc obtained from the J-V scan of respective graphite types, where the scaly and 

amorphous graphites which have the highest Voc exhibit longer charge carrier lifetime, whereas 

in flaky and needle types it is shorter resulting in a lower Voc.  

 

Figure 7: PCE evolution during the storage of non-encapsulated C-PSCs under ambient environment (R.H. = 40 - 50%) in the 
dark. Each data point represents an average between the measured samples of each point with a std. deviation. 
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As was shown earlier, the graphite type can also affect the carbon-layer morphology. HSL-free 

C-PSCs typically exhibit higher stability than cells with HSLs and metal-based contacts. Besides 

the fact that graphite itself does not degrade or react with the perovskite, this could be due to the 

presence thick hydrophobic carbon-based back-contact filled with perovskite that prevents 

moisture ingress. The latter implies that, thinner and less homogeneous carbon layers could 

facilitate easier moisture and air ingress into the sensitive perovskite photoabsorber, leading to 

faster degradation. In order to evaluate the effect of graphite type on cell’s stability, cells with 

different graphite types were stored under ambient conditions (40-50% rel. humidity) in the dark 

for 5,000 hours. As seen from the Fig.7, the scaly and amorphous graphites show the fastest 

degradation, losing less than 3% of the initial efficiency, whereas the cells with needle and 

reference graphites demonstrate high shelf-stability by retaining nearly same PCE or even higher 

during the whole ageing period. Notably, the cells with pyrolytic graphite also appear to be more 

stable, which we attribute to the absence of voids in the carbon-based cathode, which appeared 

during the layer deposition. In contrast, C-PSCs with other graphite types have a slightly reduced 

performance that we attribute to an easier ingress of moisture and air into the sensitive perovskite 

photoabsrober, leading to degradation. Although the electrodes based on amorphous graphite 

were deposited homogeneously, the observed degradation is likely to be related to a small 

particle graphite size (as was seen from SEM images earlier), which cannot provide a sufficient 

protection against ambient environment. These results point out that in order to ensure the long-

term stability of cells with carbon-based electrodes, the paste rheology, particle size and 

homogeneity of the deposition have to be carefully optimized. 

4. Conclusion 

In this work, we have analyzed the differences between three types of naturally-occurring 

graphites, namely, scaly, flaky and amorphous, as well as three types of synthetic graphites: 

artificial fine powder graphite, highly ordered pyrolytic one and needle graphite in the context of 

applications for carbon-based electrodes for perovskite solar cells. We compared their properties 

with our reference graphite – Elocarb B/SP, obtained from Solaronix S.A. The scaly type, having 

a unique graphitization route, yielded graphite particles with the largest crystallite dimensions, 

whereas pyrolytic graphite had the lowest number of structural defects. The FF of the fabricated 

cells was found to be most affected by different graphite types and is influenced not only by 

Jo
urn

al 
Pre-

pro
of



 

 

sheet resistance of the electrodes, but also by its interfacial resistance to perovskite. The 

electrodes produced from the pyrolytic, flaky and scaly graphite had the least series resistance 

losses, leading to FFs above 70% in cells with a 0.64 cm2 active area. Although the cells with 

pyrolytic graphite exhibited the least series resistance loss, the Jsc of these cells were reduced due 

to the build-up of a higher capacitance and reduced charge extraction at perovskite/carbon 

interface. Interestingly, under continuous sun illumination, the overall difference in Voc for cells 

with all graphite types is rather low – approximately 50 mV. C-PSCs with electrodes made from 

scaly and artificial graphites has proven to have better charge transport properties, resulting in 

enhanced photovoltaic performance, where the champion cell with a scaly graphite reached a 

PCE of 14.6 %. The printability and adhesion to the layer underneath was found to affect the 

homogeneity of the electrode deposition, which was found to affect the cell moisture-stability. 

All the C-PSCs were found to be quite stable, where the least stable cells with scaly and 

amorphous graphite lost less than 3% of initial PCE after 5,000 h of storage in the ambient 

environment. The reference cells with electrodes based on Elocarb B/SP paste remained the 

initial PCE, while the cells with needle-based graphite had slightly improved performance after 

ageing. This work paves a way towards optimizing the low-cost and up-scalable carbon-based 

electrodes for efficient perovskite PV devices with low series resistance losses, which is essential 

for its successful commercialization. 
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