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Here, we present a reliable process to deposit transparent conductive films on silicon oxide, quartz,

and sapphire using a solid carbon source. This layer consists of partially ordered graphene flakes

with a lateral dimension of about 5 nm. The process does not require any catalytic metal and

exploits a high current arc evaporation (U-HCA) to homogeneously deposit a layer of carbon on

heated substrates. A gas atmosphere consisting of Argon or Argon/Hydrogen blend acting as a

buffer influences the morphology of the growing film. scanning tunneling microscopy,

transmission electron microscopy, and Raman spectra were used for a thorough characterization of

the samples in order to optimize the growth parameters. The best carbon layers have a surface

resistance of 5.7� 103 X� whereas the optical transparency of the coatings is 88% with an

excellent homogeneity over areas of several cm2. Such results are compatible with most

semiconductor fabrication processes and make this method very promising for various industrial

applications. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921448]

I. INTRODUCTION

Graphene, the single monolayer modification of sp2-

hybridized carbon, has attracted much interest as a new ma-

terial for microelectronics and as a substitute for transparent

conductive oxides (TCO).1,2 However, there is still no reli-

able fabrication process of graphene as a TCO-substituent

with sufficient transmission and conductivity, neither for

high-quality monolayer graphene nor for any graphene-

containing film.

Generally, the transfer process of graphene is the most

common adopted procedure. The graphene films grown on

the metal surface are lifted-off by a suitable carrier foil and

subsequently transferred onto the device. This complex and

expensive process can damage the coating and can poten-

tially leave contaminations on the graphene (substrate

material, polymers from the carrier of the transfer process, or

organic solvents). The great challenge should be the deposi-

tion of the coating directly on the insulating substrates. One

of the most promising methods to produce transparent car-

bon coatings is the chemical method based on reduction of

graphene oxide (RGO).3 Such deposition processes have

broad applications in the field of bio-, gas-, and DNA-sen-

sors.3 However, they require complex chemical processes

and produce layers with poor electrical conductivity.

In this paper, we present an alternative approach which

allows the growth of homogeneous large-area graphene-like

coatings directly on a dielectric substrate without any cata-

lytic metal film with good electrical and optical behavior.

The coatings cannot be classified as “graphene layers,” since

their thickness is several nanometers. However, we define

them as “graphene-like” because all the observables (Raman

signal, transparency, and conductivity) originate from 2-D

graphene flakes.

The basic idea of the process described here consists of

the thermal transformation of a thin carbon layer into its sp2-

hybridized form during the deposition of carbon atoms/ions

from a modified high current arc source, originally devel-

oped for the production of ultra-hard carbon films (tetrahe-

dral amorphous carbon, ta-C). The main reason of its

exceptional hardness is the high percentage of sp3-bonds,

caused by the so-called subplantation of the energetic carbon

ions into the growing film.4,5 In the present arrangement, the

impinging energy of the carbon ions is reduced in order to

avoid deep implantation into the substrate material, and

instead to promote a gentle deposition of them in the first

atomic layer. Simultaneous heating of the substrate provide

slight mobility to the deposited atoms, and allows them to

self-organize into a predominantly sp2-bonded structure. In

literature, only a few publications can be found dealing with

the production of conductive carbon coatings using arc evap-

oration. Ilie et al.6 and Ferrari et al.7 reported on a method of

ex-post heating of a highly sp3-hybridized amorphous carbon

film, resulting in a strongly reduced resistivity. However, the

Raman measurements of the treated coatings provided a

quite constant sp3-content of the films when the temperature

a)Author to whom correspondence should be addressed. Electronic mail:

lux@th-wildau.de, Tel.: þ00 49 3375 508 119

0021-8979/2015/117(19)/195304/6/$30.00 VC 2015 AIP Publishing LLC117, 195304-1

JOURNAL OF APPLIED PHYSICS 117, 195304 (2015)

http://dx.doi.org/10.1063/1.4921448
http://dx.doi.org/10.1063/1.4921448
http://dx.doi.org/10.1063/1.4921448
mailto:lux@th-wildau.de
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4921448&domain=pdf&date_stamp=2015-05-20


was lower than 1500 �C (cf. also Ref. 8). Therefore, it seems

impossible to convert amorphous carbon into a predomi-

nantly sp2-bonded carbon only by ex-post heating unless

using higher temperatures incompatible with glass or quartz

substrates. Many publications have already been published

dealing with the graphene production, using low-current arc

evaporation under relatively high pressure.9 These processes

normally produce multilayered graphene-flakes, which can

be used, e.g., in dispersions for conductive spayed coatings.

The resulting carbon-black-coatings consist of unordered

graphene flakes with no particularly optical transmission

(due to high thickness), and therefore, they have to be care-

fully distinguished from our graphene-like films. An alterna-

tive process based on the heating of the substrate during the

arc process10 produced a predominantly perpendicular gra-

phitic growth, as theoretically confirmed by Marks et al.11

that should be avoided for its deleterious effect on sheet

resistance.

The process described here can be controlled by means

of several external parameters such as pressure, composition

of buffer gas, substrate temperature, impinging angle, and

deposition rate. All of these parameters can influence the

growth conditions and allow the optimization to produce

transparent and conductive carbon coatings of good quality.

II. EXPERIMENTAL

The current filtered high current arc (U-HCA) set-up is

shown in Figure 1 and described in detail in Refs. 12 and 13.

The carbon cathode (inside the evaporator) is surrounded by

a cylindrical, water-cooled anode. The evaporator works in a

pulsed mode using 1.0 ms pulses with an arc current up to

3000 A. To avoid thermal spikes as well as excessively deep

penetration of carbon ions into the substrate, the impact par-

ticle energy has been optimized. For this purpose, two meth-

ods have been used simultaneously. First, the ions are guided

through a noble gas atmosphere in order to reduce their

kinetic energy by collisions with the gas atoms, and second,

the sample is tilted in order to reduce the effective impact

energy. Increasing the angle between the normal to the sam-

ple surface and incident beam, the penetration depth

decreases. Best conditions were obtained for an angle of

incidence of 70� (see Figure 1). The noble gas pressure was

changed in a range between 0.1 Pa and 150 Pa.

However, it has to be noted that the dominant factor,

which decreases the kinetic energy of carbon ions, is the

noble gas atmosphere, whereas the influence of the substrate

tilt is limited. All parameters used for the current work are a

result of a systematic optimization process and are summar-

ized in Table I.

Quartz, silicon oxide, and sapphire plates were used as

insulating substrate materials. In order to measure the optical

transmittance in a wide range of wavelength (from UV to

infrared), the quartz substrate was used.

For each sample, the sheet resistance and the Hall mo-

bility of the charge carriers were measured using a Hall mea-

surement device with a 4-tip arrangement and a magnetic

field of 1 T (Lakeshore LS 4005). The transmission was

determined by means of a spectrophotometer (Perkin Elmer

Lambda 2000). The Raman spectra were measured using a

WITec alpha 300 confocal Raman microscope with an exci-

tation wavelength of k¼ 488 nm. To study the surface qual-

ity as well as the carbon structure and layer thickness,

scanning tunneling microscopy (STM) and transmission

electron microscopy (TEM) were used. The STM

FIG. 1. Filter arc setup for carbon

deposition.

TABLE I. Optimized parameters for the deposition of transparent and con-

ductive carbon coatings.

Parameter Value

Cathodic arc current 2500 A

Arc duration time 1 ms

Magnetic filter current 200 A

Plasma pulse frequency 0.66 Hz

Noble gas pressure (argon) 100 Pa

Hydrogen gas pressure (optional) 20 Pa

Substrate temperature 950 �C

Substrate tilt angle 70�
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measurements were carried out using a WA-Technology

microscope with a tungsten tip. The topographic images

were acquired in constant-current mode, and the tunneling

conditions were optimized in order to attain the highest reso-

lution. TEM samples have been conventionally prepared by

grinding, polishing, and argon ion milling. For TEM meas-

urements, we used a Tecnai Osiris from FEI operated at

200 kV.

III. RESULTS AND DISCUSSION

A. Coating under noble gas atmosphere

In order to characterize our samples, we performed

measurements of sheet resistance ([Rs]¼Xw) and optical

transmission at a wavelength of 600 nm for several samples

having different layer thicknesses. Figure 2(a) shows the cor-

relation between transmission and sheet resistance. The data

show a linear behaviour as expected for Graphene and

Graphene-like coatings.2 This indicates that even for thin

coatings (high transmission), no island growth occurs. A pic-

ture of a coated quartz sample showing the high homogene-

ity on the whole surface (2.5� 2.5 cm2) can be seen in

Figure 2(b).

Figure 3(a) presents the Raman spectrum for a typical

carbon coating on bare quartz. The well resolved and narrow

D and G peaks at 1350 and 1530 cm�1, respectively, are

present together with the 2D band at 2690 cm�1. These peaks

are the typical signatures of a graphene-like coating. The

strong D band shows the presence of disordered carbon

atoms as well as a high density of grain boundaries.

For that reason, the GþD band at �2950 cm�1 is also

visible. The intensity ratio ID/IG of 1.5 indicates a distance

between the defects (grain size) of about 5 nm.14 The position

of the 2D-peak at 2690 cm�1 has shifted to a higher wave-

number with respect to that expected for a graphene mono-

layer on silicon oxide,15,16 which is a result of the layer

thickness of several nanometers. The homogeneity of the

deposition was investigated by measuring the intensity of the

2D-band over an area of (100 lm� 100 lm) (Figure 3, inset).

The resulting false color picture shows neither holes nor any

partial inhomogeneity (the diagonal line in the upper left cor-

ner is an artifact of the measuring device that appears on ev-

ery scan at the same location). The transmission spectrum of

the same sample (Figure 3(b), black line) shows the typical

graphene-like characteristics. In the visible range, the absorp-

tion is nearly independent on the wavelength. The local mini-

mum at 270 nm is known as the van-Hove singularity, and it

is directly related to the band structure. The transmission data

fit well with a simulated spectrum of about 8-layer graphene

on quartz (corresponding to layer thickness of approximately

3 nm), modeled by using optical constants (n,k) published by

Boosalis et al.17 In the UV range of the spectrum, the sample

shows a stronger absorption than expected. This is probably

caused by higher disorder compared with the pristine gra-

phene. The disordered graphitic structures produce an intense

Rayleigh scattering, which is responsible for the lower trans-

mission below 350 nm. The evident blue shift of the peak

seems to confirm this hypothesis.

To investigate the surface quality as well as the carbon

structure and layer thickness, STM and TEM measurements

were performed. Figure 4(a) shows the STM micrograph of

a typical high transmittance sample. The STM measure-

ments reveal a rough and disordered carbon coating charac-

terized by a fractal cauliflower-shape structure with an

average roughness of 3.0 nm comparable to that published

in Ref. 18.

FIG. 2. (a) Sheet resistance as a func-

tion of transmission at 600 nm wave-

length of light. (b) Photograph of a

homogeneous coated quartz plate.

FIG. 3. (a) Raman spectrum of a

graphene-like coating on bare quartz;

inset: False color picture of I2D

(100 lm� 100 lm). (b) Transmission

spectra of a graphene-based coating on

bare quartz (200 arc pulses, black line)

in comparison to the modeled trans-

mission of four different graphene

thicknesses (dashed lines).
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On the same sample, a TEM characterization shown in

Figure 4(b) has been carried out. On the right side of Figure

4(b), the graphene flakes are color-enhanced for better visi-

bility. A thick carbon layer of about 25 nm is clearly visible.

Along the first 10 nm upon the silicon oxide surface, the gra-

phene flakes grow almost perpendicular with respect to the

surface, as it has been already published.10 Above this first

region, a mostly flat growth of the graphene sheets occurs.

The grain size of about 5 nm observed in this picture is con-

sistent to that calculated from the Raman spectrum and

observed in the STM pictures. This result seems to be in

contradiction with the measured optical absorption, which

suggests a lower thickness of about 3 nm (see Figure 3(b)).

However, these findings can be explained considering that

the perpendicular growth of graphene fragments contributes

to a lower extent to the absorption than the horizontal or

quasi-horizontal layers when measured by optical transmis-

sion in normal incidence where the electric field of the light

is oscillating along the substrate plane. We can conclude that

the domains grown vertically are responsible for the higher

thickness and roughness, while the graphene-like Raman

spectrum and the relatively high electrical conductivity are

caused by the horizontal graphene growth of the upper

layers. The electron mobility of this coating measured using

a 4-tip Hall equipment is about 5 cm2/Vs.

The properties of the investigated graphene-like carbon

layers, deposited using the modified filtered arc technique at

an argon pressure of 100 Pa, are summarized in Table II.

B. Influence of hydrogen on the deposition process

Hydrogen is often used in CVD and PECVD processes

on metals because of its potential for selective carbon etch-

ing. Therefore, it can improve the quality of the growing car-

bon film. In order to improve the deposition process and to

avoid the perpendicular growth, the possibility of adding up

to 20 Pa of hydrogen to the noble gas atmosphere (100 Pa

Argon) was tested. Samples of different thicknesses were

prepared under these conditions. Figure 5 shows the plot of

sheet resistance vs. transmission for such samples in compar-

ison to those prepared by means of previously described pro-

cess without the use of hydrogen. Adding hydrogen to the

Argon gas reduces the deposition rate significantly by one

order of magnitude. This effect is probably caused by the

formation of CxHy-compounds, which are hardly involved in

the deposition process. As shown in Figure 5, the addition of

hydrogen significantly increases the transmission.

TABLE II. Properties of a graphene-like carbon layer deposited by use of

the modified U-HCA technique at an argon pressure of 100 Pa.

R@T¼ 88.5% 10.2 kX�

Electron mobility 3.5 cm2/Vs

Thickness@T¼ 85% 18 nm

Roughness, Ra 3.0 nm

Spec. resistivity 1.8 lXcm

FIG. 5. Sheet resistance as a function of optical transmission at 600 nm of

graphene-based coatings, formed using the current U-HCA with hydrogen

(triangles) and without hydrogen (squares).

FIG. 4. (a) STM image of a sample

with an optical transmission of 82%.

(b) TEM image of the cross section of

the same sample.

FIG. 6. Raman spectrum of a graphene-like coating on bare quartz, coated

in hydrogen containing atmosphere. Inset shows a false color picture of I2D

(100 lm� 100 lm).
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Moreover, the electron mobility increases almost by one

order of magnitude and was measured to be about 30 cm2/Vs.

The referring Raman spectrum of the sample is shown

in Figure 6. The Raman spectra of samples obtained with

and without hydrogen are very similar except for slightly

reduction of the 2D-peak relative intensity. This underlines

the limitations of Raman spectroscopy for characterizing a

multi-crystalline, graphene-like film with different crystal

orientations. The ID/IG ratio of 1.2 provides the real

graphene-like flake size of about 5 nm, confirmed by TEM

picture. Another important result is the excellent homogene-

ity of the coating that is not affected by the addition of

hydrogen (see the inset in Figure 6).

The referring STM and TEM pictures of a sample with

87% optical transmission are shown in Figure 7. One of the

most relevant finding from the STM measurements is the

decrease of the average surface roughness. The morphologi-

cal structure of the carbon changes from cauliflower-shaped,

unordered carbon (Fig. 4(a)) to a mostly flat and closed car-

bon film. Moreover, TEM picture of the same sample

(Figure 7(b)) shows a completely different structure with

respect to the previous one shown in Fig. 4(b).

The first four or five layers of graphene flakes are or-

dered, predominantly flat and parallel to the substrate.

Consequently, the perpendicular growth can be avoided by

the addition of hydrogen. As the deposition process proceeds

and the coating is getting thicker, an unordered carbon growth

occurs with a high percentage of perpendicular orientation.

The properties of the graphene-like carbon layer, depos-

ited under a hydrogen containing atmosphere are summar-

ized in Table III.

The main advantage of the above described process is the

possibility to be employed on arbitrary substrates withstand-

ing temperatures of about 800 �C. Different insulating sub-

strate materials were coated in hydrogen/argon atmosphere,

using the optimized parameters described above. The process

was tested on different insulating substrates, namely, sapphire

and silicon, showing similar electrical and optical properties.

C. Comparison with other deposition methods

It is interesting to compare the electrical and optical

properties of carbon based coatings produced with the cur-

rent approach presented here with other established methods

of graphene and reduced graphene oxide.

Compared to the measurements on transferred graphene

deposited by a low-temperature PE-CVD process on copper

(Figure 8, blue dashed line), the sheet resistances achieved in

the present study are significantly lower if a hydrogen con-

taining atmosphere is used (red line). The reported results on

annealed RGO (purple dashed line) are in the same range of

our coatings. The resistivity of exfoliated high-quality gra-

phene is much lower (green dashed line), as a result of the

much larger grain size (lower density of grain boundaries)

and the lower distortions as well. One of the main advan-

tages of the approach presented here is the good tuneability

of both the optical transmission and the sheet resistance due

to the pulsed deposition process that allows an optimal con-

trol of the thickness through the number of arc pulses pro-

vided maintaining fixed all the other process parameters.

FIG. 7. (a) STM image of a graphene-

like coating obtained in H Ar blend

atmosphere with an optical transmis-

sion of 87%. (b) TEM image of the

cross section of the same sample.

TABLE III. Properties of a graphene-like carbon layer, deposited under

hydrogen containing atmosphere (100 Pa argonþ 20 Pa hydrogen).

R@T¼ 88% 5.7 kX�

Electron mobility 20.30 cm2/Vs

Thickness@T¼ 87% 8.5 nm

Roughness, Ra 0.5 nm

Spec. resistivity 0.4 lXcm

FIG. 8. Sheet resistance vs. transmission of carbon coatings measured at

light wavelength of 600 nm, which have been deposited using different proc-

esses. Coatings from this work (pure argon atmosphere—orange line), low-

temperature PE-CVD on copper (blue dashed line),20 coatings from this

work (argon/hydrogen atmosphere—red line), annealed RGO (purple dashed

line,21 and transferred high-quality graphene grown on copper (green dashed

line).2
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Furthermore, this process does not require any catalytic

metal and no transfer process as well. To illustrate the scal-

ability of the process, Figure 9 shows the transmission spec-

tra of different graphene-like coatings for different numbers

of arc pulses.

Regarding the electron mobility, the measured values

between 3 cm2/Vs and 30 cm2/Vs are much lower than the

reported measurements on a freestanding graphene layer

(200 000 cm2/Vs).19 The electron mobility substantially

depends on the grain size (density of grain boundaries) as well

as on the crystal orientation (flat or perpendicular growth) and

on substrate effects. However, it has to be noted that, in spite

of the relatively low electron mobility, this material could be

efficiently used as transparent conductive material in substitu-

tion of indium tin oxide (ITO) or zinc oxide for some specific

application such as touch screen and EMI shield.

IV. CONCLUSION

A new completely metal free deposition process for

graphene-like thin layers is presented. A filtered vacuum arc

system using argon and argon/hydrogen blend with low dep-

osition rate was used to deposit coatings directly on different

insulating substrates with excellent homogeneity on large

areas. The resulting thickness can be adjusted easily by the

number of arc pulses. Furthermore, for sample deposited

under argon/hydrogen atmosphere, a perpendicular growth

of the graphitic structure can be effectively avoided.

The obtained coatings have a sheet resistance between

5 kX� and 20 kX�, depending on the number of layers. The

transparency is in the range of 85%–95% at 600 nm. These

figures are strongly promising for the possible use of such

process in the production of transparent electrodes.

Moreover, the required materials, the way of deposition, and

the involved temperature could be potentially compatible

with other fabrication technologies.
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