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ABSTRACT. The development of efficient charge transport layers is a key requirement for the 

fabrication of efficient and stable organic solar cells. A graphene-based derivative with planar 

resistivity exceeding 10
5
 Ω/□ and work function of 4.9 eV is here produced by finely tuning the 

parameters of the chemical vapor deposition process on copper. After the growth, the film is 

transferred on glass/indium tin oxide and used as hole transport layer in organic solar cells based 

on a PBDTTT-C-T:[70]PCBM blend. The cells attained a maximum power conversion 

efficiency of 5%, matching reference cells made with state-of-the-art PEDOT:PSS as the hole 

transport layer. Our results indicate that functionalized graphene represents an effective 

alternative to PEDOT:PSS as hole transport/electron blocking layer in solution-processed 

organic photovoltaics. 

1. INTRODUCTION 

The research on renewable energy sources continues to attract considerable effort and funding, 

a situation motivated by the steady increase in the cost related to the exploitation of “classic” 

fossil sources, both from the environmental and economic point of view.
1-2

 Harvesting energy 

from fossil fuels is intrinsically unsustainable in a sufficiently long time-frame because of both 

the limited availability of resources and the massive impact on the environment. In this context, 

solar energy is an unlimited source of power. Silicon photovoltaic cells have demonstrated the 

ability to generate a large fraction of the electric grid power at costs competitive with fossil 

fuels.
3
 Organic solar cells (OSCs) represent an alternative photovoltaic technology that has been 

intensively pursued in the last decades. These cells are capable of a lower power conversion 
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efficiency than single crystal silicon ones (the current records being 11.7% vs 25% 

[http://www.nrel.gov/ncpv/]), but present low production cost and entail small environmental 

impact.
4
 OSCs cells can be fabricated by simple, mass-production techniques, such as coating or 

printing, using inexpensive and readily-available materials (e.g., polymers and fullerene 

derivatives).
5-7

 In this way, flexible and lightweight devices can be produced, even on large scale 

by techniques such as roll-to-roll printing.
8-9

 Flexible devices have an energy pay-back time of a 

few days and can be installed in context precluded to heavy and rigid silicon-based devices.
2, 10

 

Recently, this technology made progress also in terms of maximum achievable power conversion 

efficiency (η), with several groups reporting values beyond 11%.
11-13

 Typically, an active layer 

made blending a p-type polymer with a n-type fullerene derivative is inserted between two 

electrodes, a metal and a transparent conductive oxide (TCO), interfacing them with buffer 

layers working as hole- (HTL) or electron-transport layers (ETL).
14

 The η can be further 

enhanced by using a tandem architecture, in which two or more active layers (subcells) with 

complementary absorption spectra (ideally matching the entire solar spectrum) are sandwiched 

together, in conjunction with appropriate buffer materials at the layer interfaces.
15

 

Although the active layer is the core of any OPV device, the cell performance is strongly 

affected by the presence of selective HTL and ETL buffer layers, added between the active 

layers and each electrode to favor the charge separation and ease the charge carriers flow. The 

discovery, development and tuning of stable selective transport layers is thus mandatory for the 

future success of OPV technology. The HTL is usually deposited on top of the indium tin oxide 

(ITO) conductive electrode to selectively collect holes while blocking the electron flow, thus 

minimizing current leakage due to charge recombination. Many materials were proposed to 

fabricate the HTL. Wide band gap p-type semiconductors possess in principle the required 
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characteristics, and thin layers (usually no more than 50 nm) of metal oxides such as NiO, MoO3, 

WO3, V2O5 
16

 have been deposited by thermal evaporation as HTL, allowing good cell 

performances. All such layers offered high transparency in the visible range and favorable 

energy levels (i.e., valence band maximum) for efficient hole collection; however, vacuum 

deposition techniques such evaporation are both too expensive and incompatible with solution 

processing fabrication. PEDOT:PSS is currently the most widely used HTL for OPV. This 

material has an appropriate work function value for the collection of holes from the HOMO level 

of the polymers (in the range 5.0-5.3 eV)
17

 and can be easily processed in water. When deposited 

it also helps to flatten the rough ITO surface, improving the electric contact between active layer 

and anode. As a downside, PEDOT:PSS is highly acidic and might corrode the ITO electrode, 

decreasing the overall performance of the devices.
18

 

Graphene is a monolayer material possessing exceptional optical, electrical, mechanical 

properties. Being composed of a single atomic layer, this material can be readily functionalized 

by selectively breaking its C=C double bonds (even at specific, selected locations), which can be 

then saturated with heterogeneous functional groups. In this way, graphene-based derivatives 

(GBD) with different properties can be created. Graphane
19

 and fluoro-graphene
20

 are examples 

of periodic and crystalline GBDs: the former is a fully hydrogenated graphene, while the latter is 

a fluorinated derivative. Another example is graphene oxide (GO), whose structure (as observed 

so far) is amorphous or inhomogeneous, and containing a mix of sp
2
/sp

3
 carbon.

21
 The possibility 

of producing GBDs with desired properties to function as interfacial, buffer or active layers offer 

an unprecedented opportunity for photovoltaics.
4, 22-30

 Solution-processed GO was the first GBD 

to be efficiently used as HTL in OSCs.
31

 Although an optimal band alignment with the polymer 

HOMO was reached, the thickness resulted a critical issue: the GO layer had to be not more than 
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2nm-thick to avoid significant reduction in the cell fill factor and η.
26, 32

 Usually, GBDs are 

prepared by processing pristine graphene (produced by mechanical exfoliation
31

 or thermal 

CVD
19-20

) to alter its lattice and add the required functional groups. In the case of hydrogenated 

graphene, the growth by plasma enhanced CVD at 600°C was also reported.
33

  

In the present study we focus on the direct growth of a GBD by thermal catalytic CVD in a 

range of temperature whose thermodynamic conditions favor the insertion of functional groups 

in the forming lattice. Our previous work showed that by varying the CVD temperature from 

1070°C to 930°C with ethanol as carbon precursor and copper foils as growth substrate, it is 

possible to modify the composition and structure of the carbonaceous film, ultimately 

determining its sheet resistance (increasing from 0.5 to 4.3 kΩ/sq when lowering the CVD 

temperature from 1070 to 930°C).
34

 Similar studies (with ethanol as precursor and on copper as 

catalyst) reported that a CVD temperature of 900°C leads to the growth of a functionalized GBD 

comprising oxygen-containing groups coordinated in the carbon lattice, which affect the 

electrical properties of the film (as confirmed by XPS analysis showing an increase fraction of 

sp
3
 bound atoms in the C1s peak).

35
 When using ethylene as growth precursor at low temperature 

(down to 800°C), films with high resistivity (in comparison to pristine graphene) were also 

reported, but in this case the such electrical behavior was rather attributed the to the insurgence 

of nano-crystalline domains in the films, as suggested by the smaller La values derived by the 

Raman spectra. 
36-37

 

Herein, we purposely explored a wide temperature range (600-1070°C) for ethanol-CVD on 

copper in order to systematically alter the sp
2
/sp

3
 ratio of the GBD carbon lattice. By adjusting 

the growth temperature and selecting appropriate CVD conditions, we tuned the GBD properties 

to render it efficient as hole transport layer in organic solar cells. Namely, with a CVD process at 
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790°C we created a monolayer GBD with planar resistivity beyond 10
5
 Ω/□ and work function 

of 4.9 eV. We performed a wide set of structural, compositional, electrical analyses on the GBD 

to determine its structure and electronic properties. Our results show that the GBD film is 

composed of a mixed phase of sp
2
/sp

3
 hybridized carbons lacking oxygen, where the electron 

transport occurs via charge hopping between localized states (sp
2
 sites) at the Fermi level.

32
 The 

monoatomic GBD film was transferred on top of ITO substrates to fabricate OSCs with 

PBDTTT-CT as active layer to be tested as HTL. As comparison, we also fabricated OSCs with 

pristine graphene grown at 1070°C
38

 and with commonly-used PEDOT:PSS as HTLs.
18

 

2. RESULTS AND DISCUSSION 

2.1. Materials Characterizations 

Figure 1a shows the low-magnification (LM) TEM image of the film grown at 1070°C and 

deposited on a standard TEM grid. The morphology is typical of graphene films transferred on 

TEM grids, with large and homogeneous sheets laid over the grid and folded at suspended edges. 

Figure 1b shows a detail of a folded edge in the region indicated by the arrow in Figure 1a. The 

high-resolution electron microscopy (HRTEM) image clearly shows graphite (002) fringes (as 

shown in the inset) where the graphene sheet folds over itself. The count of these fringes at 

folded edges allows for a precise determination of the number of graphene layers composing the 

film, and it resulted to be between 1 and a few layers. The regular and strait (002) fringes are 

indicative of a high degree of lattice perfection in the graphene grown at 1070°C, as confirmed 

by electron diffraction (ED) (Figure 1c) performed using a selected area aperture corresponding 

to a diameter of 800 nm, where the typical ring-like reflections from the honeycomb lattice of 

graphene are observed. The inner ring in Figure 1c corresponds to an inter-planar distance of 

0.213 nm, while the outer one corresponds to 0.123 nm, as expected for graphene films.
39
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Figures 1d-f show TEM data from the GBD grown at 790°C. Irrespective of a CVD 

temperature lower than that usually required for the synthesis of standard graphene, the film 

shown in the micrographs has a regular structure and is composed of a single layer, with defined, 

clean and straight edges. Figure 1d shows the LM TEM image of the synthesized film over the 

TEM grid. In the regions of the sample where folding occurred (like the one indicated by the 

white rectangle in Figure 1d and observed at higher magnification in Figure 1e) it has been 

possible to count the number of layers composing the film, which resulted to be between 1 and 4 

for the whole film over the grid. Despite the lower synthesis temperature, by analyzing the lattice 

fringes in the HREM image it emerges that the film has a high crystalline quality, as confirmed 

by the electron diffraction (ED) examination. Figure 1f displays a typical ED pattern acquired 

from the sample, using a selected area aperture corresponding to a diameter of 150 nm, showing 

sharp ring-like reflections from poly-crystalline hexagonal honeycomb lattice. The outer ring 

spacing is of 0.12 nm, corresponding to a small contraction of the lattice parameter by ~5%, 

which is comparable with the experimental error. From these TEM results, it can be stated that 

the GBD grown at 790°C is a polycrystalline carbonaceous film, a few to a single layer thick.  
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Figure 1 – TEM analysis of the graphene (grown at 1070°C, panels a-c) and GBD (grown at 

790°C, panels d-f) films. a) LM image of the graphene film. b) High-resolution image of a folded 

edge indicated by the arrow in a), and detail of the (002) graphite fringes at the border. c) ED 

pattern from an area of 800 nm of diameter, showing hexagonal reflections from the honeycomb 

lattice of graphene layers. d) LM image of the GBD film on the holey carbon film of the TEM 

grid. e) Detail of a folded edge of the film, from the region in the white rectangle in panel d. f) 

ED pattern from an area of 150 nm of diameter, showing 9 hexagonal patterns from the 

honeycomb lattice of the film. 

The graphene and GBD films were investigated by Raman spectroscopy after transfer onto 

Si/SiO2 (300 nm). On account of possible local inhomogeneity in the sample surface, the 

averaged spectra are shown for each sample. In the two spectra (Figure 2) the main features 



 9 

typical of graphene appear: the G peak (at ~1580 cm
–1

) due to the in-plane bond- stretching of all 

pairs of sp
2
-carbon atoms in both rings and chains, the D peak (at ~1350 cm

–1
) due to a breathing 

mode of six-atom rings and requiring disorder or defects for its activation, and the 2D peak at ~ 

2700 cm
–1

 that originates from a double resonance Raman process. The graphene film grown at 

1070°C has a negligible D peak, and strong G and 2D peaks with an intensity ratio I2D/IG>3.
40

 

These are the distinctive features of highly crystalline, single-layer graphene.
41

 The GBD film 

grown at 790°C has instead a D peak as the most prominent feature, a G peak much less intense 

than that of graphene and a very weak 2D peak. Besides, a well-defined peak at ~1620 cm
–1

 (D’ 

peak) appears with an intensity similar to the G peak. This D peak is connected to disorder as 

the D peak, but occurring in this case via an intravalley double-resonance process in the presence 

of defects.
42-44

 

 
Figure 2 – Raman spectra of the graphene and GBD films. 
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In Table 1 we compare the values of D, G e 2D, their position () and full width half 

maximum (). The average inter-defect distance Ld (mean distance between two defects, 

calculated by integrated area)
45

 is also provided. 

 

Table 1 Relevant parameters derived from the Raman spectra. Indicating with Ld the mean 

distance between two defect, at low defect concentration (Stage 1) ID/IG≈1/Ld and at high defect 

concentration (Stage 2) ID/IG≈Ld
2
.
46

 

   790°C 1070°C 


(cm

-1
)

D 1350.8 1351.8 

G 1596.4 1584.7 

2D 2691.5 2703.5 


(cm

-1
)

D 38.1 21.8 

G 36.6   16.6 

2D 57.5 27.8 

ID/IG  2.89 0.10 

I2D/IG  0.25 3.37 

Ld 

 (nm) 
 3.29 168.3 

 

Being strictly connected to disorder, the D and D’ bands are an excellent indicator of the 

overall defectiveness of the sp
2
 carbon lattice of graphene,

37
 although it is not straightforward to 

extract information on the defect type and density from the analysis of the spectrum. By 

progressively inducing more controlled damage (increasing level of defects by Ar ion 

bombardment) into crystalline graphene samples (from mechanical exfoliation) some recent 

studies have identified a two stage scenario:
47-49

 an initial low defect density “Stage 1” and a 

high defect density “Stage 2” when the average inter-defect distance falls in the nm range.
48

 

These studies demonstrated that the intensity ratio ID/IG does not depend on nature of the defect 

and in contrast, only in the limit of low defect density (Stage 1), the intensity ratio ID’/IG can be 

put in relation with the defect type, since vacancies appear to lead to an higher D’ than sp
3
 bonds. 
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Such scenario is demonstrated only at low defect density, while it is believed that when the 

average inter-defect distance falls in the nm range, such analysis ceases to be correct and the 

information about the defect type is lost.
47

 Since the covalent bonding of functional groups to the 

graphene plane implies the partial conversion of sp
2
 into sp

3
 bonds,

50
 which contribute to the 

overall D feature, these studies are extremely relevant for discriminating among random 

defectiveness or lattice damage, and controlled functionalization. While the former mostly spoils 

many of the graphene desirable properties, the latter can modify graphene in many substantial 

and useful ways.
19, 50

 From the ID/IG values and the width of the bands (see Table 1), the GBD 

film appears not to belong to the low defect regime, or to the Stage 1 type, and therefore we 

cannot draw conclusions on the defect type. By examining Raman and TEM data it emerges that 

the ID/IG ratio increase cannot be entirely attributed to the occurrence of a carbon film made of 

small, nm size graphitic crystals,
36

 since the two-dimensional regular structure emerging from 

Figure 1f and the diffraction pattern reported in Figure 1e are not compatible with this scenario. 

By using a spot of 150 nm we counted 9-14 reflections on the 17500 nm
2
 illuminated area, and 

we can thus estimate an average domain area of 1200-1900 nm
2
, which (assuming a circular 

shape) leads to a grain diameter of 20-25 nm. The elevated ID/IG at low temperature must thus be 

affected by a contribution linked to the occurrence of covalently bonded functional groups which 

break and interrupt the sp
2
 lattice symmetry with sp

3
 carbons, or to the insurgence of a massive 

quantity of point like defects such as vacancies. In order to rule out this last possibility, the 

chemical bonding state of the film has been ascertained by XPS. Overall, the Raman and TEM 

analyses demonstrate that the GBD is not made of nm-sized graphitic domains but rather of a sp
2
 

carbon lattice with a large amount of carbon-containing groups in sp
3
-coordination. 
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XPS spectra were collected onto the Cu samples a few minutes after the graphene growth (thus 

only shortly exposed to air) in order to evaluate the kind of carbon bonding (Figure 3). The peak 

fitting was carried out taking into account the chemical shift of the main components according 

to test samples of graphite and CVD diamond and considering literature data.
51-53

 For the GBD 

film, the C1s spectrum in Figure 3a shows two main components, representative of sp
2
 and sp

3
 C 

bonds.
51

 The sp
3
 feature is wider with respect to the test diamond (not reported in the graph) and 

might be assigned to hydrogenated, C-H, carboxyl C-O-H or epoxide C-O-C bonds. Overall, the 

sp
3
 component account to ~40% of the total carbon atoms (~57% for the sp

2
 component). X-ray 

Auger electron spectroscopy (XAES) can give further hints into the carbon film structure.
54

 We 

calculated the Auger D parameters from the spectra reported in Figure 3b and 3d: 18 eV for the 

GBD and 22 eV for graphene. This comparison further confirm the presence of a consistent 

content of sp
3
 hybridized carbons in the GBD lattice. Previous work on graphene films grown by 

ethanol CVD at 900°C 
35

 reported the C1s XPS peak fitted with three Gaussian peaks centered at 

284.2 eV, 285.5 V and 288.3 eV, attributed to sp
2
  hybridized carbons (C=C), keto (C=O) and 

sp
3
 carboxylic (COOH) or epoxy (C-O-C) groups, respectively. However, the authors provided 

no information about the oxygen O1s peak (in the region around 532 eV) and did not extended 

the study to samples grown at temperatures below 800°C. 
35

 In our XPS analysis, we fitted the 

C1s peak of the GBD grown at 790°C with four components, a sp
2
 peak at 284.6 eV, a sp

3
 peak 

at 285.2 eV, a two small peaks at 286.7 and 287.8 eV. No  oxygen signal in the O1s region was 

detected neither in the graphene nor in the GBD films, despite using long acquisition times. The 

reference spectrum of graphene is reported in Figure 3c, showing a consistently lower level of 

sp
3
 bonds and perfectly overlapping with the spectrum of a test (polycrystalline) graphite sample. 

The large fraction of sp
3
 bonded carbons in the GBD film should be thus assigned to C-H bonds, 
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since oxidized bonds are excluded due to the lack of oxygen signal.  On the contrary, the two 

peaks at 286.7 and 287.8 eV which emerge from the background are so weak that might be 

related to a minor component of oxidized bonds possibly coming from air exposure (in this case 

the oxygen content is so small to be close to the detection limit, estimated to be around 0.1% of 

the total atom percentage in our  XPS system, explaining why no oxygen signal in the O1s peak 

is revealed). 

 
Figure 3 – XPS analysis of the CVD samples. C1s peak of the GDB grown at 790°C (a) and of 

the graphene grown at 1070°C (c). In (a) the C1s peak fitting is proposed, while in (c) the 

spectrum is compared to that of a test graphite sample (red curve). The Carbon KLL edge 
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differential spectrum with measurement of the auger “D parameter” is reported in (b) and (d) for 

the GBD and graphene, respectively. 

After the transfer of the CVD-grown films onto glass/ITO substrates, atomic force and Kelvin 

probe force microscopy (AFM/KPFM) were performed on glass/ITO and glass/ITO/GBD 

samples (Figure 4, 25 µm
2
 sample regions) to investigate the topography and surface potential in 

the two cases. The AFM image of the glass/ITO sample show the typical grains composing the 

oxide (Figure 4a), while in the case of glass/ITO/GBD a few wrinkles of the GBD film are also 

visible (Figure 4b). Such wrinkles are routinely found also in graphene films grown at 1070°C.
44

  

As for the surface potential of the samples, its variation over the surface is rather smooth, with 

no sharp steps correlated with topographical features (Figure 4c and d, where histograms of the 

potential measured over the scanned area is also shown in the insets). To obtain the work 

function value of the two samples, a highly order pyrolytic graphite (HOPG) crystal of known 

work function (ΦHOPG=4.65) was measured, and the tip work function was then calculated to be 

Φtip=4.95 eV. The measured average surface potential values of glass/ITO and glass/ITO/GBD 

are 200 mV and 30 mV. Therefore, the work function value of glass/ITO is ΦITO=4.7±0.05 eV, 

while that of glass/ITO/GBD is ΦGBD=4.9±0.05 eV. The work function of glass/ITO/graphene 

was evaluated for comparison by Kelvin Probe method, finding a Φgraphene≈4.6 eV, in line with 

the values reported in literature.
55
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Figure 4 – AFM and KPFM analysis of glass/ITO (left panels) and glass/ITO/GBD (right panels) 

samples: (a, b) topography and (c, d) surface potential collected by KPFM on a typical region of 

5×5 m (scale bar is 1 m). In the inset of (c) and (d) the histogram of the potential data from 4 

regions are reported. 

We measured the UV-vis absorption of the GBD and graphene films. The absorption 

measurements were taken after transferring the samples onto fused silica and onto glass/ITO 

substrates (Figure 5 and inset, respectively). The absorption spectrum of the graphene film (a 

semi-metal with zero bandgap - Eg) is dominated by a pronounced peak at E=4.62 eV, which 

arises from strong electron-hole (excitonic) interactions (interband transitions from the bonding 

to the antibonding -states) near the saddle-point singularity at the M-point of the Brillouin zone. 
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Instead, the GBD film has a less pronounced excitonic peak than graphene, but it shows an 

additional intense absorption feature in the UV region beyond 5 eV. In Figure 5 we derived the 

Tauc plot in the two cases. The Tauc plot uses spectrophotometric measures of the direct allowed 

transitions (i.e., the photon absorption) and is typically employed to study the overall band 

structure of amorphous semiconductors and to evaluate their optical bandgap, which is altered by 

the presence of localized states with respect to their crystalline counterpart.
56

 By calculating the 

intercept of the linear part of the curve with the x axis (photon energy), the optical gaps can be 

estimated. In case of graphene (1070°C) the intercept was not calculated since the excitonic peak 

dominates the absorption spectrum without any physical correspondence to an optical band gap 

(Eg): the intercept is expected to fall close to naught in spectral regions away from the exciton. 

However, this method can be applied to graphene oxide and functionalized graphene. In the 

former case, Mathkar et al.
57

 confirmed the presence of an optical gap and showed the decrease 

of Eg towards zero which took place when reducing exfoliated graphene oxide to graphene: in a 

case where a far less pronounced exciton was observed with respect to the CVD grown material 

which is object of the present study. In the case of our GBD film (790°C), the absorption in the 

UV leads to an estimated optical gap Eg of about 5.1 eV. Several models predict the presence of 

a direct band gap in this range for the fully hydrogenated, sp
3
 bonded GBD, i.e. graphane.

19
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Figure 5 – Optical analysis of the CVD films. (a) Transmittance of graphene and GBD 

transferred on quartz substrates (top curves, left axis) and on glass/ITO substrates (bottom 

curves, right axis). (b) Tauc plot of graphene and GBD on quartz. The optical Eg value of GBD 

is extrapolated through a linear fit of the curve.  

Sheet resistance measurements were taken by the four point probe method on the CVD 

samples transferred on Si/SiO2. The GBD grown at 790/0/30’ reported values in the range 215-

400 kΩ/□. Reference graphene grown at 1070/10/10’ has values in the order of 400-800 Ω/□. 

Therefore,  when the temperature changes from 1070°C to 790°C, the sheet resistance of the film 

is found to have a remarkable increase of four orders of magnitude. This steep increase in sheet 

resistance is however consistent with the previous analyses: When lowering the CVD 

temperature, the amount of sp
3
 bonds (stabilized by “functional groups” such as hydrogen atoms) 

considerably increases at the expenses of the conductive sp
2
 double bonds, rendering the GBD 

film almost electrically insulating. 
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2.2 Solar cells characterization 

The current-voltage (I/V) plots of the fabricated solar cells under illumination (AM1.5G at 100 

mW/cm
2
) were measured.  Figure 6a shows the I/V plots of cells made with GBD, PEDOT:PSS, 

and with no HTL as reference, respectively (under illumination). The photovoltaic characteristics 

of the devices are summarized in Table 2. The external quantum efficiency (EQE) of the cells is 

reported in Figure 6b. Figure 6c shows the energy levels of the layers composing the cell. 

 

Figure 6 – (a) I/V curves under illumination of the devices with different HTLs. (b) EQE curves 

of best samples of GBD and Ref w/PEDOT:PSS. (c) Schematic (left) and energy level diagram 

(right) of the solar cells. 
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The cell with no HTL has low VOC and FF (0.34 V and 38.4%, respectively), and reaches 

η=1.7%. Such cell performance can be ascribed to an unbalanced energy level alignment 

between ITO and the HOMO of PBDTTT-C-T (giving rise to an energy barrier of ~0.4 eV, see 

Figure 6c)
58

 and to the occurrence of charge recombination (due to inefficient hole collection at 

the anode). The insertion of GBD between ITO and the PBDTTT-C-T layer brings the cell to 

η=5%. This steep improvement in η is given by the increase in both VOC (0.71 V) and FF 

(52.5%). For comparison, the reference cell made with PEDOT:PSS as HTL has the same 

efficiency (~5%) and analogous photovoltaic parameters (see Table 1). The GBD is thus able to 

provide an optimal energy level alignment at the anode, as much as PEDOT:PSS does. This is 

remarkable considering the latter material was proposed years ago and since then has gone 

through various stages of optimization which made it the state-of-the-art HTL in OSC. Further, 

the best GBD device shows an even higher JSC than the PEDOT:PSS one (~13.4 vs 12.7 

mA/cm
2
), likely due to the atomic thickness of the GBD film that eases the charge collection at 

the anode via quantum tunneling through the HTL. The PEDOT:PSS is instead ~40 nm thick, 

and in this case a portion of the travelling holes might be lost because of charge recombination. 

The EQE curves (Figure 6b) of the two cells are identical except for the range 400÷500nm, 

where the GBD cell exhibits a higher quantum efficiency than the reference cell, with a slight 

shift of the main peak from 470 to 460nm, giving account to the higher Jsc measured in the I/V 

tests (Table 2). 
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Table 2 – Average and max values of the electrical parameters of the fabricated solar cells. 

Hole 

Transport 

Layer (HTL) 

Voc (V) Jsc (mA/cm2) FF (%) Eff (%) R (Ω·cm
2
) 

Avg Max Avg Max Avg Max Avg Max Rs Rsh 

GBD 

(790°C_1L) 
0.630 0.712 -11.08 -13.38 48.67 52.54 3.43 5.01 14.2 575 

GBD 

(790°C_2L) 
0.662 0.669 -5.14 -5.85 39.95 39.74 1.36 1.56 29.8 319 

Graphene 

(1070°C) 
0.316 0.439 -6.56 -7.31 28.69 34.12 0.60 1.09 102 30.8 

Ref 

PEDOT:PSS 
0.734 0.738 -12.51 -12.69 52.52 53.46 4.82 5.00 13.2 616 

No HTL 0.341 0.352 -12.36 -12.70 36.98 38.43 1.56 1.72 17.1 105 

 

We further investigated the effect of GBD thickness on the cell performance, making cells 

with one and two GBD films (see Experimental section). The results are reported in Fig. 7, along 

with a further comparison with a cell made with pristine graphene as HTL. The comparison 

between cells made with graphene and GBD is very informative. The cell with graphene attains a 

η of 1.1% that is ascribable to a steep decrease in Voc and FF (0.31 vs 0.66 V and 28.7% vs 

48.7%, respectively). 
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Figure 7 – I/V curves under illumination of the devices with graphene, GBD and two GBD films 

as HTLs. 

These results can be explained considering the properties of the CVD graphene layer. Being it 

highly conductive (Rs ~400 Ω/□) but with a work function of ~4.6 eV, CVD graphene can work 

as transparent conductor and as metallic electrode in Schottky barrier solar cells.
59

 However, 

these properties hinder its use as HTL since the electron flow is not blocked but instead there 

could be an alignment with the LUMO of [70]PCBM (see Figure 6c) lying at ~4.3 eV, giving 

rise to charge recombination. In the case of GBD, the graphene structure is modified by the 

insertion of sp
3
 groups in the lattice (which appear to be hydrogen-terminated). This increases 

the work function level to ~4.9 eV as found by KFPM, making the material hole-selecting. The 

effect of the double layer on the cell’s I/V seems to confirm the properties of the GBD film that 

make it an efficient HTL. In this case the VOC remains quite stable with respect to the reference 

cell, while JSC and FF both significantly decrease, bringing the η to 1.5%. The stability of the 

VOC can be explained by the work function of the double GBD layer, which has the same value 

of the single layer. Instead, the effect of the increased layer thickness on the charge collection 
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negatively reflects in the JSC of cell made with two GBD films, which is halved. However, a 

detrimental effect on the JSC due to the transfer process of two layers can be also envisaged in 

this respect. Nevertheless, the JSC dependence on thickness is consistent with what previously 

reported in the case of graphene
60

 and graphene oxide.
32

 

CONCLUSION 

In conclusion, our work demonstrates that the CVD of graphene from ethanol vapor in specific 

conditions can give rise to the growth of GBDs having different properties from pristine 

graphene. We investigated a range of temperature below 1000°C, demonstrating the growth of a 

sp
3
-rich GBD film at 790°C. The GBD film has atomic thickness and exhibits a large optical gap 

and almost electrically insulating properties. We tested the GBD as hole transport layer in 

organic solar cells, reaching the performances of state-of-the-art cells made with standard 

PEDOT:PSS. Further work on GBD films for organic photovoltaics are in order to further 

increase the cell performance and also evaluate the lifetime stability, which is expected to be 

extended considering that the GBD would not corrode the ITO electrode (a known issue related 

to the use of PEDOT:PSS). Moreover, our findings can lead to the development of a rather large 

class of novel GBDs produced by the direct catalytic CVD growth on metal substrates. We 

demonstrated that by lowering the growth temperature, functional groups can be inserted at 

equilibrium into growing carbonaceous films structurally related to graphene. In this scenario, by 

using appropriate precursors and conditions it will be possible to tailor the functional properties 

of the GBDs for desired applications. Such process presents several advantages with respect to 

post-growth treatments and is also compatible with the fabrication of devices via solution 

processing. 
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EXPERIMENTAL 

Growth of graphene and graphene-based derivative (GBD) films 

The films were grown by ethanol-CVD on Cu foils (25m thick, 99.95 purity) at low-pressure 

(4 mbar). The CVD system was made of a quartz tube (2m long) coaxial to a furnace, fitted with 

vacuum pumps (rotary vane and turbo-molecular pump), a digitally-controlled gas/vapor feed 

system and a quartz sled sample holder. For pristine graphene, the Cu foils were annealed for 20 

min at 1070°C while flowing Ar/H2 (20/20 sccm).
34, 38, 61

 After annealing, the growth was 

performed at 1070°C by bubbling ethanol in the chamber (0.1% in Ar/H2 as carrier gas at 20/10 

sccm). For the GBD, the Cu foils were annealed for 20 min at 790°C while flowing Ar/H2 (20/20 

sccm). After annealing, the growth was performed at 790°C by bubbling ethanol in the chamber 

(0.1% in Ar as carrier gas at 20 sccm). In both cases, just after the growth the Cu foils were 

extracted from the hot zone for a rapid cooling. 

Film transfer 

After the CVD process, the Cu foils were protected with cyclododecane
62

 and then etched 

away in an ammonium persulphate or nitric acid bath (70% nitric acid diluted in distilled water, 

1:3) at ambient temperature for three hours. After the etching, the floating films were scooped 

with a clean Si/SiO2 substrate and transferred into distilled water for rinsing. The films were 

finally scooped from the rinsing bath with Si/SiO2 and quartz substrates for the characterizations. 

In the same way, the graphene and GBD films were transferred onto glass/ITO substrates for the 

solar cells fabrication. In the case of the GBD-2L, the film transfer was repeated twice.  

Raman spectroscopy 

A Ramanor U1000 with double monochromator and an electrically-cooled Hamamatsu R943-

02 photomultiplier for photon-counting detection was used for Raman spectroscopy analysis. 
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The laser beam (Ar
+
, 514.5 nm) was focused to a diameter of approximately 1 m, taking care of 

minimizing surface heating (power below 1 mW). 

Transmission electron microscopy 

TEM characterization was performed using a Tecnai F20 microscope, operated at 120kV to 

reduce the radiation damage to graphene crystals. 

Absorption spectroscopy 

Optical transmittance spectra of the films transferred on quartz and glass/ITO were acquired 

with a UV-VIS-NIR spectrophotometer (Shimadzu UV2550). 

X-ray photoemission spectroscopy 

X-ray photoelectron spectroscopy (XPS) measurements were carried out with a VG Escalab 

MkII Spectrometer on the as-grown copper foils, few minutes after the CVD growth. The XPS 

chamber is equipped with oil-free pumps to avoid carbon contaminations (an Ag reference 

sample was analyzed before revealing no carbon signal). 

Kelvin Probe Microscopy (KPM) 

We performed Kelvin Probe Force Microscopy (KPFM) measurements on the GBD film 

deposited on glass/ITO and on a glass/ITO reference sample. The measurements were taken in 

ambient conditions with an Asylum Research MFP3D AFM using a Pt/Ir-coated silicon tips with 

radius of curvature R=20-30 nm, quality factor Q=150 and spring constant k=0.65-1 N/m. The 

measurements were done with the same tip to avoid changes due to ambient tip condition, 

temperature and humidity. The following formula was used to devise the work function of the 

samples from the measured surface potential (VCDP): 

𝑉𝐶𝑃𝐷 =
Φ𝑡𝑖𝑝 − Φ𝑠𝑎𝑚𝑝𝑙𝑒

−𝑒
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Electrical measurements 

The electrical sheet resistance of the films transferred onto Si/SiO2 was with a four point probe 

system with four fixed, collinear WC tips (spaced overall by 3 mm) connected to a current 

source and a low-voltage meter. The measurements were taken multiple times over an area of at 

least 5×5 mm
2
 on each sample and then averaged. 

Solar cell fabrication 

Polymer bulk-heterojunction solar cells were fabricated onto glass/ITO substrates (Kintec, 

15Ω/□). A low-band gap polymer (PBDTTT-CT), previously reported in PSCs with up to 8% of 

efficiency, was used.
63

 The cells were fabricated with the so-called “direct” architecture, the 

most suitable to compare the performance and stability of the GBD as HTL to those of 

PEDOT:PSS.
18, 64

 The glass/ITO substrates were patterned by wet etching using an aqueous 

solution of hydrobromic acid and cleaned by ultrasonic bath cycles in detergent, deionized water, 

acetone, and ethanol (10 min for each step). Graphene and GBD films were deposited onto 

glass/ITO substrates as HTL as described above. As reference, solar cells were also fabricated 

with PEDOT:PSS (VPAI 4083, purchased as aqueous dispersion from Heraeus) as HTL. 

PEDOT:PSS was spin-coated in a glove box at 5000rpm for 60s and then dried by thermal 

annealing at 150°C for 10 min in a nitrogen atmosphere. To prepare the photoactive blend, 

PBDTTT-C-T (Solarmer) and [70]PCBM (Solenne BV) blends (1:1.5) were dissolved in ortho-

xylene at 2.5 wt% and stirred on a hot plate at 50°C for 16h. PBDTTT-C-T:[70]PCBM was spin-

coated at 1000rpm for 60s, then vacuum-dried for 20min to remove residual DIO from the film. 

Diiodooctane (DIO) was added to the blend solution (5% v/v) to improve the morphology of the 

film during deposition. The solar cells were completed by thermally evaporating 10 nm of Ca 
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(0.5Å/s) and 100 nm of Al (1.5Å/s) in high vacuum (~10
-6

mbar). Shadow masks were applied to 

define a 10mm
2 

active area for each device. 16 cells were fabricated for each kind of tested HTL. 

Solar cell characterization 

A custom-made system comprising a sourcemeter (Keithley 2612) and a mono-chromator 

(Newport 74000) was used to measure the external quantum efficiency (EQE) of the solar cells. 

I/V curves of the cells under a class A solar simulator (ABET Technologies Sun2000) were 

recorded. The irradiation level of 1sun (100mW/cm
2
) AM1.5G standard at the height and 

position of the solar cell was verified with a calibrated pyranometer (Skye SKS1110). All the 

cells were measured unsealed and covered with a shadow mask to avoid measurement 

inaccuracies. 
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