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Abstract 
 

Transparent conductive electrodes (TCEs) based on graphene 

have been previously proposed as an attractive candidate for 

optoelectronic devices. While graphene alone lacks the 

antireflectance properties needed in many applications, it can 

still be coupled with traditional transparent conductive oxides 

(TCOs), further enhancing their electrical performance.  

 

In this work, new architectures of TCEs incorporating graphene 

monolayers in different spatial configurations have been 

explored. The aim is to achieve advanced transparent electrodes 

specifically designed to minimize surface reflection over a wide 

range of wavelengths and angles of incidence and to improve 

electrical performance. Furthermore, these hybrid electrodes are 

designed to improve the performance of silicon heterojunction 

(SHJ) solar cell front transparent contacts. These structures 

consist of combinations of a conventional TCO with a few 

graphene monolayers. The most suitable strategies for their 

fabrication have been assessed by testing different approaches 

that addresses issues such as the protection of the device 

structure underneath, the limitation of sample temperature during 

the graphene-monolayer transfer process and the determination 

of the most suitable stacking structure. The results reveal a 

strong dependence of the optoelectronic properties of the TCEs 

on (i) the spatial configuration of the different layers involved 

and and (ii) the specific TCO material used. The best results 

were obtained when ITO was used as the TCO and the graphene 

layers were transferred on top of the TCO. 

 

Finally, the effect of combining indium tin oxide (ITO) with 

between 1 and 3 graphene monolayers as the top electrode in the 

SHJ technology has been analysed. Each additional graphene 

monolayer is shown to improve the sheet resistance of the hybrid 

electrode. In the electrical characterization of the finished solar 

cells, this translates into a meaningful reduction of the series 

resistance and into an increase of the device’ fill factor. On the 

other hand, each additional sheet absorbs part of the incoming 

radiation, causing the short circuit current to simultaneously 

decrease. Consequently, additional graphene monolayers past the 
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first one did not further enhance the efficiency of the reference 

cells. Ultimately, the increase obtained in the fill factor endorse 

graphene-based hybrid electrodes as a potential concept for 

improving solar cells’ efficiency in future novel designs.  

 

Introduction  
 

Although graphite, one of the crystallographic forms of carbon, 

has been relatively well known for a long time, its two-

dimensional version—graphene—is a much more recent object 

of research. The lamellar structures of graphite and of thermally 

reduced graphite oxide were already known in the mid-19th 

century [1], but it still took about ninety years until the first 

theoretical studies on single atomic graphite layers were 

undertaken and the first electron-microscopy images of a few-

layer graphite sample were published [2]. Despite these partial 

milestones, the inception of graphene technology had to wait 

another half century before André Geim and Kostya Novoselov 

at the University of Manchester were able to obtain single-atom 

layers from a graphite sample in 2004 [3]. The method was 

based on peeling single graphite layers and transferring them 

onto a monocrystalline-silicon wafer coated with silicon dioxide 

by following a procedure called micromechanical cleavage.  

 

Graphene is a material made of a single layer of carbon atoms 

distributed in the vertexes of a hexagonal network. This 

hexagonal shape (honeycomb) results from the covalent bonds 

generated by the overlap of the sp2 hybrid orbitals of the 

mutually-bonded carbon atoms. It is therefore a two-dimensional 

material (2D). Such an atomic arrangement and its two-

dimensional structure are the factors conferring extraordinary 

properties to graphene. Graphene is a zero-gap semiconductor. 

Its electron mobility is extremely high, of the order of 150,000–

200,000 cm2V-1s-1. Optically, a single layer of graphene absorbs 

2.3% of incident light, allowing around 97.7% to pass through 

[4]. Thus, as a rule of thumb, when working with graphene 

multilayers, one can estimate a 2.3% transmittance loss per 

atomic layer. The degree of reflection from single-layer graphene 

is almost negligible, just less than 0.1%, rising to no more than 

2% for ten atomic layers [5]. Finally, graphene is not a self-
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standing material. Once deposited, it must be transferred onto a 

substrate conferring to it the necessary mechanical stability 

among other conditions. But the sensitivity of graphene and of 

its charge-conduction mechanisms to the interaction with the 

substrate or any other adjacent substance is not at all negligible. 

Therefore, the choice of the material to be combined with 

graphene needs careful consideration from a mechanical and 

electrical point of view. 

 

Many of the described properties of this new material are 

outstanding in many senses, but for the purpose of the present 

work, the above-mentioned electrical and optical features are 

particularly relevant. Graphene offers excellent sheet 

conductance in combination with a very low absorption of light 

(for one or a few atomic layers), added to an extremely low 

reflection to visible light, all of this without adding more than a 

few angstrom to the final thickness. Thus, graphene is an 

excellent candidate to be used in those optoelectronic 

applications in which low sheet resistances, exceptional 

responses at high frequencies, low contact resistances or reduced 

light absorption are required. A wide range of optoelectronic 

devices such as light emitting diodes, photodiodes, liquid-crystal 

displays, touch screens or solar cells require transparent or semi-

transparent contacts having such properties [6]. In addition, 

many of these optoelectronic devices typically use transparent 

conductive oxides (TCOs), such as fluorine doped tin oxide 

(SnO2:F) abbreviated as FTO, indium tin oxide (In2O3:SnO2) 

abbreviated as ITO, and aluminium doped zinc oxide 

(ZnO:Al2O3), abbreviated as AZO. They usually play the role as 

transparent electrodes, and thus, they must have n-type 

conductivity [7]. The TCOs are fabricated by using a wide 

variety of methods such as chemical vapour deposition (CVD), 

magnetron sputtering, sol–gel process or spray pyrolysis [8]. 

Among them, although magnetron sputtering can be considered 

too expensive for some industrial applications, it has two special 

advantages: (i) its great scalability to large areas, and (ii) its 

easiness to achieve thin films with good performance even if 

fabricated outside its thermodynamic equilibrium. Both 

characteristics are relatively important to make a success of the 

incorporation of the thin films into the low-temperature device 
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technology [9]. For these reasons, in the present work, 

magnetron sputtering is chosen to fabricate the TCO materials. 

 

Among the different TCO materials, ITO is currently the most 

commonly used in optoelectronic devices. This semiconductor 

material is well-known from its mass production and exhibits 

suitable optoelectronic properties. Generally, ITO is deposited 

by direct current (DC) magnetron sputtering on large areas [10]. 

Otherwise, AZO is also used in several technologies. AZO is one 

of the very few alternative candidates for the replacement of 

indium based TCOs. This is due to its low-cost, its abundance, 

and its chemical stability in hydrogen plasma, in comparison 

with other TCOs [11]. Optically, these two well-known materials 

achieve a reasonable transmittance in the visible region of the 

electromagnetic spectrum of >80% [12]. But in certain 

applications requiring limited TCO thicknesses such as in solar 

cells front contacts, the sheet resistance is usually in the range 

100-120 /sq [13]. Front contacts play an important role in solar 

cells to achieve both efficient carrier collection and transport 

properties. Furthermore, contact resistances and optical 

reflectances would contribute to better device performances if 

they were improved (i.e. reduced). In this sense, hybrid concepts 

combining various kinds of nanoscale materials have been 

attempted. For example, the incorporation of carbon nanotubes 

(CNT) [14], metal nanowires/nanogrids [15,16], graphene or 

reduced graphene oxide (rGO) [17,18] have already been 

demonstrated, showing successful results. Among them, sheet 

resistances of 24 /sq and 83% of average transmittance have 

been reported by CNT-based electrodes [14]. In the case of 

graphene fabricated by chemical vapour deposition (CVD), a 

wide range of values are found depending on the transfer 

techniques [19]. It is worth noting that in all these cases, the 

graphene replaces the TCO commonly used.  

 

In the field of solar cells, silicon heterojunction (SHJ) solar cells 

are securing a space in the large-volume manufacturing PV 

market, currently dominated by back-surface-field (BSF) cells, 

and the Passivated Emitter Rear Cell (PERC) and passivated 

emitter rear totally diffused (PERT) cells, thanks to its 

impressive efficiencies and relatively simple structure [20]. In 
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SHJ solar cells, the front TCO contact needs high transparency 

and high electrical conductivity, qualities associated with 

graphene as well as with many other nano scale materials. 

However, in the case of SHJ solar cells, the TCO also serves as 

an antireflectance (AR) coating. Therefore, any substitute of the 

TCO in SHJ technology needs to address this, otherwise the 

solar cell efficiency can be highly hindered [23]. 

 

One way to benefit from nanomaterials exciting properties while 

providing with AR characteristics is by fabricating hybrid 

electrodes. For example, hybrid structures based on ITO and 

graphene have already shown excellent electrical and optical 

properties [24, 25] suitable to be implemented in SHJ solar cells. 

With this premise in mind, in this chapter the concept of 

transparent hybrid electrodes based on the most commonly 

TCOs used in SHJ technology, namely ITO and AZO, and 

graphene monolayers (GML) grown via CVD is explored 

further. The main reason for this choice is to avoid deviating too 

much from the materials used in the industry [10]. 

 

The purpose of this research is therefore finding a suitable 

combination of graphene and any of the selected TCOs to be 

applied as a transparent electrode in SHJ solar cells as well as 

other optoelectronic devices. The evaluation of preparation 

conditions compatible with the integrity of the properties of both 

materials has been treated as a key issue. In addition, hybrid 

electrodes with up to 3 GML are tested. The hybrid electrodes 

are fabricated directly in SHJ structures before metal grid 

deposition. The results obtained from the characterization of the 

hybrid electrodes and the properties of the finished solar cells are 

closely related. The quality of the graphene layers was 

established through Raman measurements, whereas the AR 

properties of the hybrid electrodes was evaluated through 

reflectance spectroscopy. Contactless measurements of the 

electrodes sheet resistance were realized through THz time 

domain spectroscopy, illustrating how the hybrid electrodes 

exhibit a lower sheet resistance with increasing the number of 

GML. Thanks to the lower sheet resistance, the finished solar 

cells with hybrid electrodes showed improvements in the series 

resistance and FF when compared with the reference cell with 
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only ITO. On the other hand, by increasing the number of GML, 

the transmittance of the hybrid electrodes decreased accordingly 

and Jsc was negatively affected. However, by limiting the number 

of GML to only one, the gains in FF outmatched the losses in Jsc 

and the efficiency of the devices improve with respect the 

reference cell. These results highlight the potential for the 

development of advanced transparent or semi-transparent 

electrodes based on graphene and its application to 

optoelectronic devices. 

 

Materials and Methods  
Graphene-based Transparent Electrode Fabrication  
 

The hybrid transparent contacts described are based on the 

combination of a common TCO and 1 to 3 GML.  

 

The GML were grown by Spanish company Graphenea S.L. by 

chemical vapour deposition (CVD) on copper foil from CH4 

precursor, prepped for transfer with polymethylmethacrylate 

(PMMA) coating, and finally transferred to the desired substrate. 

The CVD fabrication technique was preferred because it can 

produce relatively high-quality and high-purity graphene and 

potentially on a large scale. More details about the graphene 

fabrication can be found in reference [14]. 

 

The TCO materials were fabricated using a commercial Leybold 

UNIVEX 450B magnetron sputtering system (Leybold GmbH, 

Cologne, Germany). AZO was deposited by using a ceramic 4-

inch ZnO:Al2O3 (98/2wt.%, Neyco, Vanves, France) commercial 

target subject to radio-frequency (RF), and ITO was obtained 

from a ceramic 4-inch In2O3:SnO2 (90/10 wt.%, Neyco) 

commercial target subject to DC. Argon of a purity of 99.999% 

was used as the inert gas in the sputtering process, and the 

control of its flux was carried out by means of a mass-flow 

controller. TCO films were deposited at low temperature to work 

in conditions compatible with the preparation of different 

kinds of optoelectronic devices having a particular sensitivity to 

high temperatures. 
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Different combinations of TCO and graphene were tested, with 

different deposition and transfer sequences in order to assess 

technological paths taking into account the mutual compatibility 

of the processes involved as well as the properties of the 

resulting multilayers. In Figure 1a) the GML were transferred 

onto a TCO-coated substrate. In Figure 1b), the TCO layer was 

sputtered on top of the GML previously transferred onto the 

substrate. 

 

For the electrical and transmittance measurements, the substrate 

used was either a high resistance glass or a quartz substrate. The 

substrates were ultrasonically cleaned using DECON 90 

detergent, rinsed in deionized water, and immersed for 2 minutes 

in isopropyl alcohol before drying under a stream of nitrogen. 

For the reflectance measurements, the TCE structure were 

deposited on 4-inch polished resistive float zone <100> silicon 

wafers (resistivity > 104 Ω-cm). The native silicon oxide (SiOx) 

was removed from the silicon-wafer surface by chemical etching 

in a dilute (2%) hydrofluoric acid prior to the TCE fabrication. 

After that, the wafer was rinsed in deionized water and dried 

under a stream of nitrogen. 

 

 
Figure 1: TCE configurations under study (a) configuration 1, and (b) 

configuration 2. 

 

In the particular case of the configuration 1, an Ar plasma bias 

etching on the substrate surface was carried out at 120 W under 

0.5 Pa for 5 minutes without intentional heating prior to the 

sputtering deposition. This process was used to improve TCO 

thin-film adherence. After that, the substrate was rotated at 20 

rpm, and heated at 190 °C in the holder system. Regardless of 

the TCO material deposited, the gas flow rate and the working 

pressure were maintained constant at 5 sccm and 0.18 Pa, 
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respectively. The samples were sputtered at the constant values 

of 75 W– DC power and 250 W–RF power applied to ITO and 

AZO targets, respectively. In the case of configuration 2, no bias 

was applied and softer sputtering conditions were used to avoid 

the possible damage to GML structure, that is, at room 

temperature and 25 W– DC power and 150 W– RF applied to 

ITO and AZO targets, respectively.  

 

Silicon Heterojunction Solar Cells Fabrication  
 

SHJ solar cells were fabricated using 280 µm thick flat n-type 

float zone c-Si <100> with a resistivity of 1-5 Ω·cm. After RCA 

cleaning, the wafers were stripped of the native oxide by dipping 

the substrates 1 minute in a 2% HF solution. The wafers were 

then loaded in a two-chamber PECVD reactor (Elettrorava s.p.a.) 

where ~5 nm thick intrinsic a-Si:H layers were deposited on both 

sides to ensure a good surface passivation. The back side of the 

wafer was then covered with a ~20 nm n-type a-Si:H film to 

form the back surface field and electron-selective contact 

whereas the front hole-selective contact was realized with the 

deposition of ~10 nm p-type a-Si:H layer. Following, an 80 nm 

thick ITO layer was sputtered on the front side through 3.5 cm2 

shadow masks. At this point, the GML were transferred onto the 

ITO surface. For the current research, we chose to test the effect 

of adding between 1 and 3 monolayers. Finally, after graphene 

deposition, Ti and Ag metal contacts were evaporated on the 

front (through a grid) and on the back (full area) and the cells 

were annealed 5 minutes at 200ºC in a hot plate to recover the 

passivation lost during the ITO sputtering process [26]. A sketch 

of the finished solar cells is depicted in Figure 2. 
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Figure 2: Sketch of the finished silicon heterojunction solar cell, in which the 

front ITO layer has been replaced with a graphene-based hybrid transparent 

conductive electrode consisting in a 80 nm thick ITO layer and a stack of up to 

three graphene monolayers. 
 

Characterization Techniques  
 

To characterize the GML, several characterization techniques 

were applied. Raman microscopy using a 514 nm Ar laser (inVia 

Renishaw) was used to check the quality of the films and to 

corroborate the number of graphene films transferred [27].  
 

Total optical reflectance spectra were carried out in a 

UV/Visible/NIR Lambda 1050 Perkin Elmer spectrophotometer 

in the wavelength range from 300 to 1500 nm by using a 6 mm 

integrating sphere accessory. From these measurements the 

weighted reflectance Rw, defined as, 

             

𝑅𝑤 =
∫ 𝑅(𝜆)𝐺𝐴𝑀1.5𝐺(𝜆)𝑑𝜆

𝜆2
𝜆1

∫ 𝐺𝐴𝑀1.5𝐺(𝜆)𝑑𝜆
𝜆2

𝜆1

                                                           (1) 

 

was calculated to evaluate its AR capability of the different 

structures. R() is the hemispherical reflectance (total optical 

reflectance) as a function of the wavelength and GAM1.5() is the 

global spectral irradiance [31]. 
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Optical transmission maps were obtained from the TCEs 

fabricated on glass by means of a home-made system combining 

a focused white-light lamp, an X-Y linear-positioner set, a pair 

of current preamplifiers, a reference photodiode and a pair of 

digital voltmeters (see Figure 3). The system is controlled by 

specific software that returns an image where each point 

registered is associated with a specific transmittance value. Once 

the data is collected, it is represented in the form of a histogram 

where two peaks appear: one of them corresponds to the 

background transmittance (TB), and the other one is directly 

related to the combined transmittance of the sample plus the 

background (TSA+TB). TSA comprises the transmittance of both 

the substrate and the different TCEs (TCO and/or GML). Thus, 

knowing the transmittance of the substrate (TSUB), it is possible 

to calculate the amount of light transmitted by the different 

layers (TGG for the GML and TTCO for the TCO) as follows: 

 

𝑇𝐺𝐺+𝑇𝐶𝑂+𝑆𝑈𝐵 =
𝑇𝐺𝐺+𝑇𝐶𝑂+𝑆𝑈𝐵+𝐵

𝑇𝐵
                                    (2) 

     

𝑇𝐺𝐺+𝑇𝐶𝑂 =
𝑇𝐺𝐺+𝑇𝐶𝑂+𝑆𝑈𝐵

𝑇𝑆𝑈𝐵
                                                 (3) 

      

This measurement permits to verify the number of monolayers 

transferred and its effect on the transmittance of the whole TCE 

structure. In addition, the optical homogeneity of the TCE and 

the goodness of the graphene transferred can also be evaluated.  
 

 
 

Figure 3: Scheme of the home-made system to determine the optical 

parameters in this work. 
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To determine the electrical parameters, four metal coplanar 

parallel electrodes of 0.1 cm width and 1 cm length unequally 

spaced (0.0366 cm, 0.0864 cm and 0.2379 cm, respectively), 

pictured in Figure 4, were deposited by thermal evaporation onto 

the samples. In the case of the GLM, they had been previously 

transferred onto 1 cm x 1 cm quartz substrates. 
 

 
 

Figure 4: Schematic of the transmission line model (TLM) structure used 

to measure the electrical parameters of the fabricated TCEs. 
 

The metal combination tested to have a low contact resistance 

was Ti (50nm)/Ag (500nm). Transmission-line-model (TLM) 

measurements [28] were done by testing 4-point electrical 

resistance. The electrodes were contacted by means of 4 micro-

positioners, a power supply was used to bias the samples, an 

electrometer measured currents and a voltmeter provided 

voltages. The overall system is pictured in Figure 5.  
 

 
 

Figure 5: Scheme of the system used to determine the electrical parameters in 

this work.  
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These TLM measurements were used to determine the actual 

sheet resistance of the hybrid TCEs developed (RTCE) and to 

compare them to the theoretical values expected corresponding 

to an electric circuit with two parallel electric resistances, as 

described by equation (4):  

 
𝟏

𝑹𝑻𝑪𝑬
=

𝟏

𝑹𝑻𝑪𝑶
+

𝒎

𝑹𝑮𝑮
                                                                       (4) 

 

where RTCO is the sheet resistance of the TCO film, RGG, the 

corresponding to 1 GML and m the number of GML.  

 

A mapping of electrical conductance was carried out using non-

contact and non-destructive commercial Onyx system from Das 

Nano Company, based on reflection-mode terahertz time-domain 

spectroscopy (THz-TDS) [29], where the measurable frequency 

range analyzed was from 0.1 THz to 5 THz. This patented 

system [30] provides a full-area map of conductance, resistance 

and other electrical parameters, related to 2D materials and thin 

films. The maps also show information about the homogeneity 

and quality of the deposition process. In addition, compared to 

other large-area methods, Onyx is capable to cover the gap 

between nano-scale and macro-scale methods. Its spatial 

resolution in the order of few hundreds of microns enables a fast 

characterization of large areas as opposed to microscopic 

methods. 

 

Finally, the fabricated solar cells were characterized by 

measuring illuminated current-voltage characteristics at AM1.5G 

conditions and 100 mW/cm2, using a class A solar simulator 

(Steuernagel SC575) and external quantum efficiency (EQE). 

Additionally, Suns-Voc measurements were performed using the 

Sinton Instrument WCT-120 with the appropriate accessory 

stage to evaluate the series resistance (Rs) [32]. 

 

Results  
 

In the following subsections, the quality of the graphene films as 

well as the evaluation of the compatibility of the preparation 

conditions, and the TCE optical and electrical performance are 
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presented. Lastly, results on solar cells where the top ITO has 

been replaced with the hybrid TCEs studies are also shown. 

 

Graphene Quality  
 

Raman spectra of the graphene films were used to evaluate the 

quality of the graphene films and transferring process. Three 

different spectra taken at random points in the substrates with 1, 

2 and 3 graphene layers are displayed in Figure 6. All the spectra 

showed the characteristic peaks expected from graphene layers 

[33], mainly the G, G* and G’ (or 2D as is also found in the 

literature) bands appearing at ~1590 cm-1, ~2450 cm-1 and ~2690 

cm-1 respectively. In Raman spectra of multilayered graphene 

stacks, the intensity ratio IG’/IG was dependent on the number of 

graphene layers [27,33,34]. Experimentally, the intensity ratio 

exhibited a value IG’/IG >2 for monolayers; 1<IG’/IG <2 for bi-

layers and IG’/IG <1 for tri-layers and beyond. From the spectra 

shown in Figure 2, the intensity ratios for the samples with 

monolayers, bi-layers and tri-layers were 3.48, 1.00 and 0.82 

respectively, which is consistent with the number of layers. This 

shows that the transferring process doesn’t seem to widely 

introduce wrinkles or creases in the films otherwise the IG’/IG 

intensity ratio would not agree with the number of layers 

transferred [23]. 

 

In addition to the G, G’ and G* bands, a rather weak signal was 

also detected around 1350 cm-1 and 1620 cm-1, corresponding to 

the D and D’ bands. The presence of the D and D’ bands require 

the existence of sp3-C defects for its activation. In the spectra 

shown, the contribution of both peaks was very small and the 

defects were possibly rather localized since not all the spectra 

taken displayed these peaks. Nevertheless, some degree of 

imperfections seemed to be present in the transferred layers 

though probably not high enough as to have a negative effect in 

the proposed application. 
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Figure 6: Raman spectra of the graphene layers transferred onto the ITO. The 

IG’/IG ratio of the monolayer, bi-layer and tri-layer samples lies within the 

expected range, indicating a successful layer-by-layer transfer process. 

 

Hybrid Graphene - TCO Transparent Contacts  
Evaluation of the Compatibility of the Preparation 

Conditions  

 

The compatibility between the conditions used in the graphene 

transfer method (chemical reagents, temperature in vacuum and 

in inert atmosphere, pressure or activation conditions in different 

environment, among others) and the temperature used to 

fabricate the solar cells was evaluated. It is very relevant to 

perform these analyses because the hybrid transparent contact 

based on graphene will be incorporated at the last manufacturing 

step. Hence, parameters such as the temperature and the 

environment used in the transfer process could negatively affect 

the performance of the material located underneath that 

constitutes the device. For this reason both, low- and high-

temperature transfer procedures, were evaluated, while 

simultaneously avoiding O2 plasmas and UV-O3 gentle 

activation steps. The high temperature regime included 

processing steps at a temperature range from 200 to 450 ºC, that 

is, annealing in vacuum at 200 ºC, the use of temperature up 450 

ºC in inert atmosphere, or both. Respectively, the low 
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temperature regime avoided those steps and the maximum 

temperature used was 120 ºC [14].  

 

Table 1 shows the average white-light transmission, measured 

with the system pictured in Figure 3, and RGG, measured with the 

system presented in Figure 5, for graphene samples varying the 

number of graphene monolayers transferred at high and low 

temperatures. For comparison, the electrical data given by the 

supplier, Graphenea S.L., are also included. In this case, the 

transfer was carried out using standard parameters on SiO2/Si 

substrates [14].  

 
Table 1: Average white-light transmission and sheet resistance RGG for 

graphene samples with different number of monolayers transferred at 

respectively high and low temperatures. The nominal RGG data of graphene 

materials transferred on SiO2/Si provided by Graphenea (www.graphenea.com) 

[14] are included for comparison. 

 
Number of 

graphene 

monolayers  

Average 

white-light 

transmission 

(%) 

RGG (Ω/sq): 

transferred at 

high 

temperature 

regime on 

resistive 

glass 

RGG (Ω/sq): 

transferred at 

low 

temperature 

regime on 

resistive glass 

Nominal 

RGG (Ω/sq): 

transferred 

at standard 

conditions 

on SiO2/Si 

1 97.6± 1.0 375 ± 25 295 ± 25 350 ± 50 

2 95.7± 1.0 175 ± 10  155 ± 10 188 ± 3 

3 93.3± 0.9 120 ± 15 125 ± 15 126 ± 6 

 

It can be noticed that the average white-light transmission values 

were in agreement with the theoretical predictions made 

according to the number of graphene monolayers [35]. 

Therefore, that parameter was not affected by the temperature 

used during the transfer process. In the case of RGG, a slight 

electrical improvement was observed in the graphene material 

transferred at low temperature. This result demonstrates that the 

temperature of the graphene transferring process can be reduced 

without altering the material performance. Furthermore, the low 

substrate temperature would also benefit the deposition of the 

hybrid transparent contacts based on a TCO by reducing the 

possible damage to it. 

 

http://www.graphenea.com/
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In a second step, the position of graphene monolayer within the 

hybrid transparent contact structure, i.e. below the TCO or on the 

TCO, was evaluated. This way, the possible damage to graphene 

material produced by the bombardment of the high-energy 

sputtered particles during the TCO deposition would be 

highlighted. For that, three graphene monolayers were 

transferred at low temperature onto: (i) a TCO-coated resistive 

glass (structure 1, in Table 2) and (ii) a bare quartz substrate, 

which would be subsequently covered with a TCO (structure 2, 

in Table 2). In both structures, the TCO used was a 40-nm thick 

sputtered ITO thin film. Table 2 shows the optoelectronic 

properties obtained for both structures under study. 

 
Table 2: Sheet resistance Rsheet (RTCE, RTCO or RGG) and average white-light 

transmission for the structures under study where the graphene trilayer is 

located in different positions. The optoelectronic data of the ITO thin film and 

the graphene trilayer transferred onto quartz are included for comparison. 

 
 Rsheet (Ω/sq) 

 

Average white-

light 

transmission 

(%)  

ITO (40 nm)/Glass 196.5 ± 1.0 89 ± 5 

3 Graphene monolayers/Quartz 120.0 ± 5.0 93 ± 2 

Structure 1: 

3 Graphene monolayers/ITO (40 

nm)/Glass 

156.5 ± 15.0 80 ± 6 

Structure 2: 

ITO (40 nm)/3 graphene 

monolayers/Quartz 

200.0 ± 34.0 78 ± 4 

 

These data revealed that better optoelectronic properties are 

obtained for the structure 1, in which the graphene was 

transferred onto the ITO coated glass. These results confirm the 

potential damage on graphene caused by the sputtering 

deposition, leading to a worsening of the transparent-contact 

performance [36]. 

 

Role of the TCO on the Hybrid Transparent Contacts  

 

Taking the results described above into account, the hybrid 

transparent contacts were fabricated based on configuration 1 

shown in Figure 1a) (the graphene transferred on top of a TCO-



Prime Archives in Material Science: 3rd Edition 

19                                                                                www.videleaf.com 

coated substrate) and using a low temperature transfer method 

for the graphene layers. Both, AZO and ITO materials were 

incorporated into the contact to assess the effect of the TCO in 

the optical and electrical performance of the contact. From the 

optical point of view, the main role of the TCO is to act as an AR 

coating, diminishing the amount of light reflected on the solar-

cell surface; that means, to eliminate unwanted reflection and 

increase the overall transparency. Hence, the thickness of the 

TCO must be fitted so that the wavelength in the material is one 

quarter the wavelength of the incoming wave, according to the 

formula (5) 

 

𝑛𝑑 =


4
 ,                                                                                      (5) 

  

where n is its refractive index, d is its thickness and  is the 

wavelength. For photovoltaic applications, thickness is chosen in 

order to minimize reflection for a wavelength of 0.6 µm. This 

wavelength is chosen because it is close to the peak power of the 

solar spectrum [21]. Therefore, the thickness of AZO and ITO 

was close to 80 nm.  

 

From the electrical point of view, the TCO must present the 

lowest possible resistivity to reduce device resistance and to 

extract the current in the most efficient way. Under these 

considerations, the performance of the hybrid transparent 

contacts was evaluated from the figure of merit (FOM)  

proposed by Haacke [37] given by the following formula (6): 

 

 (Ω−1) = 𝑇10 𝑅𝑇𝐶𝐸⁄ (Ω/𝑠𝑞),                                                   (6) 

 

where T10 is the average optical transmittance.  

 

Table 3 summarizes the optoelectronic results achieved by the 

different hybrid transparent contacts fabricated in this work, 

where either one two or three graphene monolayers were 

combined with ITO or AZO. It can be noticed that RTCE clearly 

depends on the TCO material used: A detriment was obtained 

when AZO was used. This may be attributed to a possible 

diffusion of the Al atoms from AZO occurring in the whole 

structure, which would negatively affect the electrical 
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performance of the graphene monolayer located at the 

graphene/AZO interface [17,38,39]. For this reason, RTCE 

obtained with three graphene monolayers transferred on top saw 

a clear improvement, compared to the one that incorporated two 

monolayers. In any case, RTCE of the AZO-based hybrid 

transparent contact was not much lower than the RTCO of the bare 

80 nm-thick AZO layer of 120 ± 10 /sq. 

 
Table 3: RTCE, average white-light transmission and figure of merit calculated 

for the hybrid transparent contacts in study depending on the TCO material and 

the number of the graphene monolayers transferred.  

 
Nº graphene 

monolayers  

80 nm-

thick  

TCO 

material 

RTCE 

(Ω/sq) 

 

Average white-

light 

transmission 

(%) 

FOM (x 10-4 

Ω-1) 

2 AZO 890 ± 70 86 ± 2 2.4 ± 0.9 

3 AZO 116 ± 6 80 ± 3 9.2 ± 0.5 

1 ITO 85 ± 5  85 ± 2 23.2 ± 0.4 

 

On the other hand, a different electrical behavior was achieved 

when ITO was incorporated into the hybrid transparent contact. 

No deterioration was observed in RTCE in comparison with the 

RTCO of bare 80 nm-thick ITO layer of 85 ± 5 /sq. Hence, it 

may be assumed that no damage would take place at the 

graphene/ITO interface. Finally, the best FOM value was 

achieved when ITO was incorporated into the hybrid transparent 

contact, even while incorporating only one graphene monolayer. 

Hence, the hybrid contact based on ITO and one monolayer 

presented the best optoelectronic performance. 

 

Optical Performance of the Hybrid Transparent Contacts  

 

The addition of graphene monolayers onto the ITO surface 

necessarily modifies the optical characteristics of the transparent 

conductive electrode. The most straightforward effect is the loss 

in optical transmittance, which has been found to be about 3% in 

average with each additional graphene sheet in the wavelength of 

interest for SHJ solar cells [40,41]. In the case of SHJ solar cells, 

not only the transmittance is relevant, is also important to 

evaluate the reflectivity of the structure since the TCE also 
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serves the role of an AR coating. The reflectance spectra of the 

TCEs deposited onto crystalline silicon can be seen in Figure 7. 

 
Figure 7: Reflectance spectra measured for the cells with only ITO as the TCE 

and the cells with a hybrid TCE consisting in a layer of ITO and either one, two 

or three graphene monolayers. The reflectance spectra of a bare polished silicon 

wafer is also shown for reference. 

 

The spectra obtained were typical for an AR coating deposited 

on a polished silicon wafer. As can be seen, the presence of ITO 

is able to greatly reduce the reflectivity of the Si polished wafer 

(also shown in Figure 7 for reference), especially between 400 

nm and 1000 nm. Focusing on the effect of adding 1 or 2 

graphene monolayers onto the ITO, we can observe how the 

minimum in reflectance shifts towards slightly longer 

wavelengths. This shift can be understood by reviewing the 

refractive indexes of the films involved. The thickness of the 

ITO films were chosen so that the minimum in reflectance 

occurs at a wavelength λ 600 nm according to the condition 

described in formula (5) [42]. By adding the graphene layers, 

since the refractive index of graphene in that wavelength range is 

reported to be around n2.5 [43] i.e. above that of ITO (n2), λ 

had to shift towards higher wavelengths since the thickness 

remains practically unchanged. In the case of 3 graphene 

monolayers, the reflectance spectra measured deviated from the 

trend created with 1 and 2 monolayers and the minimum shifts 

again towards lower wavelengths. Besides the shift in the  
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position of the minimum, it is also relevant to assess the AR 

properties of the TCEs. To do so, the average reflectance 

weighted by the AM1.5G spectrum can be calculated in the 

wavelength range of interest according to formula 1. 

 

From Figure 7, it is clear that the hybrid TCEs provide better AR 

properties if the wavelength range is limited to 600 - 1050 nm, 

whereas outside that range, ITO mostly has a better performance. 

However, the majority of the response of the solar cells studied 

in this research occurs in a much narrower range than that shown 

in Figure 7. For example, around 95% of the Jsc of the solar cells 

is generated in the wavelength range between 430-1050 nm as 

calculated by integrating their external quantum efficiencies (not 

shown). In that range, the differences in Rw for the 4 structures 

studied are very small. If the range is narrowed even further to 

600-1050 nm, the contribution to Jsc represent around 80% of the 

total and, in that range, the hybrid TCEs show up to a 2.8% 

lower Rw. For clarity, Table 4 gathers the values of Rw in those 

particular wavelengths. 

 
Table 4: Weighted reflectance calculated from the spectra shown in Figure 8 in 

two different wavelength ranges. The range between 430-1050 nm is relevant 

because it represents around 95% of the photogenerated current; the range 

between 600-1050 nm is the range where the hybrid TCE is clearly better in 

terms of antireflectance properties and it accounts for around 80% of the 

photogenerated current. 

 
TCE Rw 430-1050 nm 

(~95% Jsc) 

Rw 600-1050 nm 

(~80% Jsc) 

ITO 12.05% 10.51% 

ITO + 1 GML 

ITO + 2 GML 

ITO + 3 GML 

12.76% 

12.56% 

13.62% 

8.65% 

7.74% 

9.81% 

 

Electrical Performance of the Hybrid Transparent Contacts  

 

The main interest in introducing graphene into the solar cell 

structure is to improve the electrical properties of the transparent 

conductive electrode (while sacrificing as little as possible of the 

optical characteristics). In order to characterize the sheet 

resistance in situ, a contactless technique such as THz-TDS is 

highly convenient. In Figure 8 are shown the maps of the 
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conductance obtained with ITO (a) and with ITO + 1(b), +2(c) 

and +3(d) graphene monolayers. Undoubtedly, the colormaps 

showed a clear improvement in the TCE conductance as more 

graphene layers are added. 

 
Figure 8: Reflection-mode terahertz time-domain spectroscopy results obtained 

with bare ITO (a) and with ITO + 1(b), +2(c) and +3(d) graphene monolayers 

as the front contact TCE.  

 

When translated into sheet resistance, the conductance maps 

yielded average values that decreased from 60.2 /sq for the cell 

with bare ITO, to 54.9 /sq, 47.2 /sq and 37.7 /sq for the 

cells with 1, 2, and 3 graphene monolayers respectively. 

Previous results obtained using transmission line measurements 

[41] revealed a sheet resistance for the ITO of 59 /sq while the 

graphene layers have a sheet resistance of 450 ± 50 /sq [14]. 

Since the sheet resistance sees the ITO film and the graphene 

layers as connected in parallel [44], the obtained values should 

decrease according to equation (4). The values obtained using 

THz-TDS and the range of expected values considering 

RTCO=60.2 /sq and RGG=450 ± 50 /sq are plotted in Figure 9. 

As can be observed, the values obtained match very well the 

anticipated values. Therefore, the results indicate there is a good 
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electrical contact between all layers and the hybrid TCE should 

outperform bare ITO in terms of the lateral collection of carriers 

that reaches the TCE. 
 

 
 

Figure 9: Measured sheet resistance (scatter plot) using THz-TDS and the 

calculated range of values (blue colored areas) according to equation (7), 

considering a sheet resistance for the graphene monolayers of 450 ± 50 /sq. 

The dotted line is a guide to the line positioned at a value equal to the measured 

ITO sheet resistance. 
 

Solar Cells Performance  
 

On the basis of previous results shown, in this section we 

focused on evaluating the effect of going beyond one graphene 

monolayer. In Figure 10, the changes in Jsc, Voc, FF, Rs and the 

overall efficiency  of the cells with hybrid TCEs, with respect 

to the reference cell with only ITO are presented. Starting with 

the values of Voc in Figure 10a, the soft techniques used for 

transferring the sheets (thus not damaging the underlying layers) 

and the fact that the sheets are far from the junction means they 

should not alter the values. Indeed, we found the Voc measured in 

the cell with only ITO (708 mV) remained practically unchanged 

in the cells with a hybrid TCE (707 mV). The values of Jsc on the 

other hand saw a strong decrease when more than one graphene 

monolayer was used. Again, with the addition of a single 

graphene layer, the loss in transmittance is mostly offset by the 

improvement in reflectance in a large part of the usable light and 
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only a 1% in Jsc is lost. But with the addition of a second and 

third monolayer the loss in transmittance clearly dominates the 

optical response and the loss in Jsc worsens to 5.5% and 10.5% 

respectively. 
 

Figure 10b recapitulates the changes in FF and Rs. As shown, the 

improvements in these cases are noticeable. As the top contact 

ITO was replaced with an hybrid TCO with one, two or three 

graphene monolayers, the value of Rs decreased from 2.46 

Ω·cm2 down to 2.10 Ω·cm2, 1.83 Ω·cm2 and 1.65 Ω·cm2 

respectively; likewise, the FF increased from 70.7% to 72.6%, 

73.5% and 74.6% accordingly. The observed trend is in line with 

the improvements in sheet resistance of the TCEs obtained with 

each additional graphene monolayer shown in Figure 9. In 

additional, a better work function matching between the Ti 

electrode and the ITO, and thus a lower junction barrier, is also 

expected thanks to the presence of graphene. The work function 

of Ti is 4.33 eV whereas in ITO is close to 5.0 eV. According to 

[23,45], the work function of graphene multilayer stacks depends 

on the number of monolayers, increasing from 4.32 eV for one 

monolayer, up to 4.55 eV in the case of a three monolayer stack. 

Hence, the barrier between Ti and ITO is reduced with each 

graphene monolayer which would also help in improving the 

series resistance of the devices [25]. 
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Figure 10: Solar cell parameters variations (Voc and Jsc (a), FF and Rs (b) and 

overall efficiency  (c)) observed as the front ITO is substituted by a hybrid 

TCE consisting in an ITO layer covered with one, two or three graphene 

monolayers. 

 

Lastly, the effect to the overall efficiency is summarized in 

Figure 10c. Since the value of Voc remained practically 

unchanged, the effect of the added graphene monolayers on the 

efficiency is the result of the compromise between the improved 

electrical characteristics and the worsening of the optical 

transparency of the TCE. As a result, the device with a single 

graphene monolayer displayed a 1.6% higher efficiency 
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compared to the reference cell, but the cells with two and three 

monolayers suffered an efficiency drop of 1.85% and 5.7% 

respectively. The results obtained with the finished solar cells 

also agrees with the FOM for the hybrid electrodes calculated in 

Section 3.2.2 where the structure fabricated with ITO and 1 

GML showed the best performance for a TCE. 

 
 

Figure 11: JV characteristics under illumination of the cells with either ITO as 

the front TCE and with the ITO layer covered with one graphene monolayer.  

 

To conclude, in Figure 11 the current-voltage characteristics 

under AM1.5G illumination and the extracted parameters for the 

cells with ITO and with ITO + 1 GML are shown. These results 

demonstrate that there is potential in hybrid TCEs based on 

graphene and transparent conductive oxides. The addition of the 

graphene monolayers to the ITO clearly improve its electrical 

characteristics and the improvements are transferred to the JV 

characteristics of the solar cells, which display a better Rs and 

FF. The loss in transmission caused with each graphene 

monolayer means that they need to be kept at a minimum, 

otherwise the drop in Jsc can be significant. However, in addition 

to what we have shown there is still clear room for improvement. 

Among other things, the electrical conductivity of graphene can 

be increased via chemical doping without sacrificing its 

transparency [46]; and the thickness of the TCO can be further 

optimized for hybrid structures as deduced from the reflectance 
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spectra shown in Figure 7. All these prospects invites to further 

study hybrid electrodes based on graphene as a promising 

alternative for next generation solar cells and compatible 

upcoming technologies. 

 

Conclusions  
 

This work presents the evaluation of the preparation protocols 

used in the fabrication of hybrid transparent contacts based on a 

common TCO and graphene monolayers. The first parameter 

evaluated was the temperature used during the graphene transfer 

process. Reduced sheet-resistance values of the graphene 

monolayers were obtained at low temperature. The optimum 

spatial configuration of the layers forming the hybrid transparent 

contacts was also determined. A strong effect on the electrical 

properties of graphene due to the bombardment of the highly-

energetic sputtered atoms during the sputtering process of the 

TCO thin film was observed. Hence, adequate preparation 

conditions should include transferring the graphene monolayers 

onto the TCO and not the opposite. A correlation between the 

avoidance of aluminum (both in the metal contact and in the 

TCO) and good and repeatable electrical properties were found. 

Combinations of graphene with ITO were systematically better 

than those of graphene and AZO. Therefore, the combination of 

ITO and Graphene in a hybrid transparent contact was found to 

have an appropriate performance to be used as an electrode in 

optoelectronic devices. 

 

This work also presents a study on hybrid transparent conductive 

electrodes based on ITO and graphene and its application as 

front contacts in silicon heterojunction solar cells. The electrodes 

consisted of up to three monolayers of CVD-synthesized 

graphene transferred onto the top of ITO in silicon 

heterojunction solar cells. The effect of the graphene layers on 

the reflectance spectra depended on the wavelength range 

considered. In the range between 430–1050 nm (which 

corresponds to around 95% of the generated photocurrent) a 

small increase in the weighted reflectance not larger than 1.5% 

was observed. In the range between 600–1050 nm (which 

corresponds to around 80% of the generated photocurrent) all of 
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the cells with graphene on top showed better AR properties than 

the reference cell. The electrical characterization through THz 

time domain spectroscopy illustrated good electrical contact 

between the ITO and the stacks of graphene monolayers. For all 

cases, the sheet resistance of the ITO layer was reduced 

accordingly to an intimate parallel combination of all the layers. 

The current–voltage characteristics of the solar cells with 

graphene showed a better series resistance and FF thanks to the 

improved sheet resistance and work function matching between 

the transparent electrode and the metal grid, while the cells’ Voc 

was hardly affected. On the other hand, Jsc decreased with each 

graphene monolayer due to a lower optical transmission of the 

electrode. This effect was mostly cancelled out for one graphene 

monolayer by the improvement in reflectance in a large part of 

the usable light, and only 1% of Jsc was lost. Overall, the cell 

with a single graphene monolayer displayed a 1.6% higher 

efficiency compared to the reference cell, while the cells with 

two and three monolayers could not improve upon that. These 

results show that graphene can be used to improve the 

conductance of ITO and that its application can be helpful in 

increasing the efficiency of solar cells. Furthermore, new 

strategies to improve the chemical doping of graphene 

monolayers without sacrificing its transparency are being studied 

worldwide. The application of such strategies to hybrid 

electrodes based on graphene, or even to electrodes based on 

multilayered graphene alone, opens up the possibility of 

fabricating high-performance electrodes suitable for use in next-

generation solar cells and upcoming technologies. 

 

All these approaches have an enormous potential to open new 

horizons to achieve the definitive take-off graphene technologies 

for electrical standard and transparent contacts. 
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