
This is a version of a publication

in

Please cite the publication as follows:

DOI:

Copyright of the original publication:

This is a parallel published version of an original publication.
This version can differ from the original published article.

published by

Fragmented graphene synthesized on a dielectric substrate for THz
applications

Rehman Hamza, Golubewa Lena, Basharin Alexey, Urbanovic Andzej, Lähderanta
Erkki, Soboleva Ekaterina, Matulaitiene Ieva, Jankunec Marija, Svirko Yuri, Kuzhir

Polina

Rehman, H., Golubewa, L., Basharin, A., Urbanovic, A., Lähderanta, E., Soboleva, E.,
Matulaitiene, I., Jankunec, M., Svirko, Y., Kuzhir, P. (2022). Fragmented graphene synthesized
on a dielectric substrate for THz applications. Nanotechnology, vol. 33, issue 39. DOI:
10.1088/1361-6528/ac7403

Author's accepted manuscript (AAM)

IOP Publishing

Nanotechnology

10.1088/1361-6528/ac7403

© 2022 IOP Publishing Ltd



1 

 

Fragmented graphene synthesized on dielectric 

substrate for THz applications 

Hamza Rehman 1*, Lena Golubewa 2, Alexey Basharin 1, Andzej Urbanovic 2,  

Erkki Lahderanta 3, Ekaterina Soboleva 3, Ieva Matulaitiene 2, Marija Jankunec 4, Yuri Svirko 1, 

Polina Kuzhir 1 

1Institute of Photonics, University of Eastern Finland, Yliopistokatu 7, FI-80101 Joensuu, 

Finland 

2Center for Physical Sciences and Technology, Saulėtekio av. 3, LT-10257 Vilnius, Lithuania 

3Lappeenranta-Lahti University of Technology LUT, Yliopistonkatu 34, 53850, Lappeenranta, 

Finland 

4 Institute of Biochemistry, Life Sciences Center, Vilnius University, Saulėtekio al. 7, LT-10257, 

Vilnius, Lithuania 

*corresponding author: polina.kuzhir@uef.fi 

KEYWORDS: Graphene islands; Chemical vapor deposition; Kelvin Probe Force Microscopy; 

Terahertz; Direct deposition; effective conductivity; chemical potential 

Abstract 

Fragmented multi-layered graphene films were directly synthesized via chemical vapor deposition 

(CVD) on dielectric substrates with pre-deposited copper catalyst. We demonstrated that the 

thickness of the sacrificial copper film, process temperature and growth time essentially influence 

the integrity, quality, and disorder of the synthesized graphene. Atomic Force and Kelvin Probe 
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Force Microscopy measurements revealed the presence of nano-agglomerates and charge 

puddles. The potential gradients measured over the sample surface confirmed that the deposited 

graphene film possesses a multilayered structure, which was modelled as an ensemble of randomly 

oriented conductive prolate ellipsoids. THz time domain spectroscopy measurements gave ac 

conductivity of graphene flakes and homogenized graphitic films of around 1200 S/cm and 1000 

S/cm, respectively. Our approach offers a scalable fabrication of the graphene structures composed 

of graphene flakes and having effective conductivity sufficient for a wide variety of THz 

applications. 

1. Introduction 

Graphene is a two-dimensional material of atomic thickness, with sp2 hybridized carbon atoms 

bonded by strong covalent bonds in the hexagonal lattice1. Since the first single-atom-thick 

crystallites were exfoliated from bulk graphite2, graphene research has accelerated exponentially. 

Graphene unique properties, including high electronic mobilities, mechanical strength, and optical 

response is related to its structure3 and can be controlled by the number of layers and its quality. 

Therefore, the synthesis and the post synthesis processes play a crucial role in the characteristics 

of graphene film4 and its potential applications. Graphene electromagnetic properties can be tuned 

via external influences by biasing, optical pumping, and mechanical stresses, changing its 

chemical potential, adding the tunability into the rich palette of graphene functionalities. 

A lot of progress has been made towards Dirac semimetals based tunable THz elements and 

graphene-based devices for THz and optical frequencies5,6,7,8,9,10,11,12. In contrast to graphene-

based optoelectronics, graphene THz photonics not necessarily requires ideal graphene samples. 

For example, perfect THz shield can be composed of graphene with up to 20% of defected area 

including holes and grain boundaries13, while all-graphene broadband absorbing metasurface may 

comprise up to 40% of highly defected meta-atoms to properly work14.  
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Relatively moderate requirements for graphene quality in THz applications stimulate usage of 

conventional chemical vapor deposition (CVD)15 technique for its fabrication, as the most efficient 

and scalable method for graphene synthesis. Large area graphene of controllable thickness has 

been achieved via CVD with a catalyst metal substrate. Mostly Cu or Ni foils are employed as the 

platform to initiate graphene synthesis using precursor carbon source gas (e.g., methane)16.  

However, efficient and scalable integration of graphene with on-demand substrates is still a 

challenge17. This is because the post-growth transfer processes result in residues and deterioration 

in the structure of graphene film, altering its performance significantly for the devices18. Although 

there exist advanced transfer techniques that do not affect graphene quality19, the transfer process 

in principle is still time consuming and not streamlined for mass production purposes. 

Alternatively, graphene can be directly deposited on the on-demand substrate without the pre-

requisite post-CVD transfer processes. The idea of the sacrificial metal layer etching to collapse 

graphene on the dielectric  has been proposed in Refs. 20, 21.  The process relies on the C atoms 

diffusion through the Cu grain boundaries and segregating onto the Cu-dielectric interface. 

Recently, CVD multilayered graphene (MLG) was obtained on Ni-Cu alloys of different 

compositions15. 

In our work, we evaluate the dependence of the THz response of the graphene directly 

synthesized on dielectric substrate on the CVD parameters and properties of the sacrificial copper 

film.  The low - compared to Ni - carbon solubility in Cu enables more precise control of a number 

of graphene layers16. We show that THz conductivity of the graphitic films directly synthesized 

on a dielectric substrate is high enough to make the developed scalable synthesis technique 

attractive for graphene integration into various THz components6,5.  
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2. Materials and methods 

2.1 Graphene fabrication 

2.1.1 Substrate preparation  

We have considered fused silica substrate instead of e.g. germanium one because it’s melting 

temperature is much higher, 1715°C vs 938.2°C (which is already too close to the process 

temperature, 900 °C). For higher quality graphene formation it is necessary to work at temperatures 

in the range of 900 °C or even above, so that the Cu layer can melt into liquid and allow for the 

diffusion of carbon atoms through copper grain boundaries towards the Cu/substrate interface 22,23.  

The 0.5 mm thick fused silica (SiO2) wafers were first treated with acetone and isopropanol for 

5 minutes each using sonicator and dried at the nitrogen flow. Additionally, they were cleaned 

with oxygen plasma for 2 mins at flow rate of 20 sccm and radio frequency power of 150W. 

Afterwards, Cu film (200 nm and 500 nm) was deposited on these wafers in UNIVEX 300 thermal 

evaporator.  

The morphological and physical properties of the nanometrically thin copper film strongly 

influence the formation of the graphitic structure. In the CVD process, the liquification of the 

copper film at the upper and lower surfaces of thin film starts at both interfaces24 as soon as the 

temperature reaches the surface melting temperature, i.e. considerably lower than that of bulk 

copper of 1085°C. The formation of micrometer-sized droplets results in the variations of the 

surface energy that governs the graphene growth. The thicker the copper film, the more 

pronounced variations of the surface energy over the film area and more uneven growth of 

graphene.  

2.1.2 CVD synthesis 

Graphene films were fabricated in Carbolite low pressure thermal CVD. The prepared substrates 

were placed in quartz tube furnace and pumped down to vacuum of 0.1 mbar. To ensure clean 

process, the CVD chamber was cleaned with the hydrogen (20 sccm flow rate) for at least 2 hours 
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at room temperature. Afterwards, the furnace was heated to 900°C. At the initial temperature 

growth rate of 20°C/min the copper film at the dielectric surface reached the temperature of 700 

°C  in 35 min. At this temperature the droplets of liquified copper are formed at the air-copper 

interface due to the surface melting. The further increase of the temperature from 700°C to 900°C 

results in the propagating of the meting front into the inner area of the copper film. In order to 

prevent the braking of the continuous liquified copper film into droplets it was necessary to 

decrease the heating rate down to 10°C/min at this stage. 

Once the growth temperature 900°C was reached, the samples were annealed for 30 minutes in 

presence of hydrogen only and in the next 30 minutes methane was also introduced into the 

chamber at flow rate of 40 sccm. At the end of the growth time methane flow was stopped, leaving 

static hydrogen, and the furnace was cooled at 10°C/min till 700°C. Then onwards, the furnace 

was left to cool overnight. After the CVD process, we obtained Top-graphene/Cu/Bottom-

graphene/SiO2 structure.  

2.1.3 Catalyst removal 

The step-by-step process to etch the interfacial copper layer and obtaining the graphene on 

dielectric is highlighted in supplementary materials (see Fig. S3). In our process, we are interested 

in the graphene layer formed at the Cu-dielectric interface. However, graphene is also formed on 

the top of the Cu film23. The top-graphene was completely removed via oxygen plasma etching at 

2min/20sccm/150W.  

Further Cu/Bottom-graphene/SiO2 structure were spin coated with two different types of 

polymers on each type of the as-CVD grown samples to prevent the graphene on copper-dielectric 

substrate from harsh wet etching process: We used Polymer A (ARP-6200.18) and Polymer B 

(ARP-672.11, 2:3), see supplementary material for the details of the polymers and the etching 

process. The interfacial Cu layer in polymer/Cu/Bottom-graphene/SiO2 was etched via RCA 

protocol due to penetration of the etchant through the polymer15. From this point onwards we will 
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recognize the samples as Gr200-PA, Gr200-PB (Graphitic film synthesized via 200 nm Cu film 

and spin coated with polymer A and B, respectively) and Gr500-PA, Gr500-PB (Graphitic film 

synthesized via 500 nm Cu film and spin coated with polymer A and B, respectively).  

For Gr200-PA, Gr500-PA and Gr500-PB we observed successful adhesion of the polymer even 

after the Cu etching process, while for Gr200-PB the test gave the negative result (see Fig. S4). 

This indicates that type of properties of the spin-coated polymer essentially influence the graphene 

adhesion to the dielectric substrate. Finally, the polymer was removed from the graphene/SiO2 by 

leaving in acetone bath for 24 hours, followed by Isopropyl Alcohol cleaning and nitrogen drying. 

2.2 Graphitic nanostructures characterization methods 

To determine the shape and morphology of the synthesized graphene/SiO2, LEO 1500 scanning 

electron microscopy was used. The structural details of the fabricated samples were studied by 

Raman spectrometer inVia (Renishaw, UK). The laser excitation wavelength was 532 nm with 

incident power 50% of the total laser power (approx. 43 mW), to get a better signal to noise ratio 

(SNR).  

The topographical features of substrates covered by graphitic films were visualized using 

Atomic Force microscope (AFM) (Dimension Icon, Bruker) with the controller Nanoscope 6 in 

tapping mode in air. The samples were studied by silicon FESP probe (nominal: resonant 

frequency ~75 kHz, spring constant 2.8 N/m and tip radius of 8 nm). Typical image acquisition 

parameters, the scan size was 2 µm and 10 µm. Resolution was 512 × 512 pixels and scan rate was 

0.30 Hz. 

For the surface potential measurements, we used another AFM (Multimode 8., Bruker USA) in 

the Kelvin Probe Force Microscopy (KPFM) mode, which utilizes a dual-pass technique. The first 

pass measurements are performed in the semi-contact region to map the topographical features. In 

the second pass the probe-sample interaction is measured in the non-contact regime by keeping 

the sample surface-probe distance (or lift) the same. The samples were studied by SCM-PIT-V2 
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Platinum Iridium coated conductive probe having resonant frequency ~75 kHz, spring constant 3 

N/m and tip radius of curvature less than 25 nm. This probe is made up of highly n-doped single 

crystal silicon with low electrical resistivity (0.01-0.025 Ohm.cm). The scan size was 2 µm and 

10 µm. Resolution was 256 × 256 pixels and scan rate was 0.20 Hz. 

The Terahertz response of the graphitic films was characterized by using THz time-domain 

spectrometer(T-spec, EKSPLA) in transmission mode. A femtosecond laser of 800 nm wavelength 

and a pulse duration of 150 fs was used to generate the THz beam. The emitter and the detector 

were both GaAs photodetectors with Si mirror to focusing/collimating the scattered THz beam. 

The time-domain recorded signal was converted to frequency domain by performing Fast Fourier 

transform in MATLAB. Resulting amplitude and phase spectrum were obtained from the complex 

transfer function of the sample and a reference. 

3. Experimental 

3.1 SEM and Raman Spectroscopy 

From the SEM images (see Fig. 1), it can be observed that obtained CVD films comprise three-

dimensional graphene islands. Their distribution is homogenous, and the shapes are irregular. 

  

Figure 1: Top-view SEM image of (a) Gr200-PA and (b) Gr500-PA showing the graphitic film 

obtained on the dielectric after the top copper layer removal. The inset of (a) shows the shape of 

graphene island with presence of crystallinity. 
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The typical Raman spectra of fabricated samples can be seen in Fig. 2. Spot measurements were 

taken from 3 different points of each sample to check the homogeneity of the synthesized graphitic 

films. For all the samples, except the Gr200-PB (see Fig. S5), we were able to detect the 

characteristic peaks of typical graphitic nanostructure. The G-band can be seen at 1583-1586 cm-

1 and is a direct sign of the graphitization process and its intensity can be used to determine the 

number of layers of graphene1. The G’ band at 2689-2693 cm-1 is the signature of graphene 

formation1. The D band observed in vicinity of 1350 cm-1 for all the samples indicates the presence 

of structural defects. From the inset in Fig.2b, we detected the presence of D’ band in the range 

1621.0-1625.5 cm-1. The, D’ band belongs to the in-plane longitudinal optical phonon and the 

wavevector associated with this phonon is shorter. Therefore, D’ band is easily activated by long-

range defects such as randomly distributed charged impurities or surface charges in graphene25. 

The coverage of the graphitic film is not homogeneous in terms of thickness and quality. This is 

evident from the Raman mapping at G’ band frequency of ~2690 cm-1 shown in Fig.2a.  The ratio 

IG/IG’ along with full width half maximum (FWHM) and position of G’ band provides an indication 

of the number of layers. Lorentzian peak fitting was done using OriginPro software to determine 

the FWHM of G and G’ peaks. For the Gr200-PA, the FWHM(G’) is in range 29-33 cm-1 and 

IG/IG’ is in range 0.63-0.83, whereas that for Gr500-PA&PB is: FWHM(G’) is 38-50 cm-1 and 

IG/IG’ is 0.99-1.00 (see Fig. S6).  
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Figure 2:  Raman spectroscopy measurement results for sample Gr200-PA: (a) Raman mapping 

at G’ band (~2690 cm-1). Mapping size: 10 × 10 µm with a step size 1 µm. The color bar represents 

the intensity normalized to baseline. (b) Spot measurements at three different points P1(black), 

P2(red), P3(blue). The inset plot represents the Lorentzian fit of the G-peak at the blue highlighted 

box. The results of the fit are presented in the inset table.  

Graphene synthesized on bulk Cu foil at the same conditions (see Supplementary materials, Fig. 

S7) as the one grown on SiO2 via sacrificial Cu layer is almost monolayer with IG/IG’= 0.178. The 

G’ band FWHM of the graphene via Cu foil is 66 cm-1 which is twice that obtained for graphene 

via Cu film. The increase in FWHM of G’ band is attributed to the defect-induced broadening. It 

is supported also by the intense D peak. The origin of these defects is the overlapping of graphene 

domains. 

To conclude, having the same synthesis conditions but using bulk Cu foil we come up with 

worse quality of graphene compared to direct graphene growth on dielectric substrate, not 

requiring further time-consuming transfer.  

The size of the sp2 domains (graphene islands seen in SEM images, Fig. 1) Lsp2 and the average 

distance between islands LD can be obtained from the following equations: 26 

𝐿𝑠𝑝2 =
560

𝐸𝐿
4  

𝐼𝐺

𝐼𝐷
,      𝐿𝐷(𝑛𝑚2)

2 = 2.4 × 10−9𝜆𝐿
4 𝐼𝐺

𝐼𝐷
 , 

where EL and λL are the energy in electron volts (eV) and wavelength in nanometers, respectively 

for the Raman laser source. The results are presented in Table.1, where mean of 3-point 

measurements is taken.  

We assume that the defect distance can be taken as the gap between these nano-islands and, 

therefore, the filling factor p represents the composite material comprising of graphene ellipsoids. 

The results of p calculation are mentioned in the Table 1. From this we can obtain an estimate of 

the concentration of graphene islands. 
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Table 1: Estimated parameters of the composite material comprising of graphene ellipsoids. 

Sample ID  Crystallite 

size [nm] 

Defect 

distance [nm] 

Filling factor, p  

Gr200-PA 23.17 0.155 0.9933 

Gr500-PA 26.26 0.163 0.9938 

Gr500-PB 21.61 0.148 0.9931 

 

The unequal thickness at specific sites is a result of initial formation of one or more 2D 

monolayers followed by suppression of further layer growth being energetically unfavorable, 

which leads to 3D islands formation27. This transition from 2D to 3D island growth is associated 

to the elastic strain energy, which increases linearly with the film thickness. The variation of 

around 5.40 cm-1 of G band has been noticed in Gr200-PA sample. The change in G band frequency 

gives information of the C-C bonds and the shift in its position further allows one to suggest that 

the carbon nanostructures are of random shapes and orientations and, thus, giving rise to strain in 

the crystalline structure 25. In Ref.28, similar ‘balling effect’ have been observed where a Cu film 

of 60 nm thickness was sputtered onto the fused silica and then CVD process was performed at 

900 ͦ C.  

The agglomeration of copper at specific sites results in reduction of film thickness at the 

remaining sites, thus reducing Cu catalytic activity for the formation of graphene layers at those 

regions. 

The FWHM(G’) for a monolayer graphene is ~24 cm-1 1. Even though our samples have single-

Lorentzian fitted G’ peak with FWHM(G’) ~29-33 cm-1 for Gr200-PA, which is an established 

proof of single layer graphene, we cannot be certain that we have obtained monolayer graphene. 

Such value for FWHM is also possible with a twisted few layer or turbostratic graphene 29,30, which 

is a type of multilayer graphene with relative random orientations between carbon layers and at 

the same time it preserves the properties like that of monolayer graphene. Furthermore, the IG/IG’ 

ratio for all the samples is around 0.9 which suggests the presence of few layer graphene in either 

case 31. The averaged ratio ID/IG obtained from three different point measurements for Gr200-PA, 
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Gr500-PA, and Gr500-PB are 0.64, 0.59, 0.63, respectively. These values suggest a moderately 

defective graphitic film. However, these values in addition to the position of G band in the range 

~1583-1595 cm-1 suggests the synthesized films are well within the graphitic regime 29 . Moreover, 

the variation of G’ band position within the same sample is ~6.4 cm-1, ~3.6 cm-1 and ~3.84 cm-1 

for Gr200-PA, Gr500-PA and Gr500-PB, correspondingly. This shift is significant and cannot be 

due to systematic variations. The origin of these shifts could be, firstly, due to the variation in 

thickness across the graphitic film and, secondly, due to the random doping.  The bands at ~2328 

cm-1 and ~1555 cm-1 are visible in all the samples and peaks are attributed to nitrogen and oxygen, 

respectively 32. Since our fabrication steps involve the treatment with oxygen plasma after CVD 

process and the drying of the sample in a nitrogen flow, it is very much likely that, rather than 

environmental perturbations, this could be the reason we have some of these molecules present on 

graphitic film.  

3.2 Atomic Force Microscopy 

AFM height and phase profile images for Gr500-PA are presented in Fig. 3 whereas, for Gr200-

PA and Gr500-PB see Fig. S9(a,b) in supplementary data. The results reveal the presence of nano-

agglomerates with homogenous coverage. The height profile plot in Fig. 3d shows that there is a 

variation in the thickness in the range of few nanometers (red dashed line), with certain 

agglomerate structures having heights in the range of several tens of nanometers (blue dashed 

line).  

Graphene synthesized on both 200 nm and 500 nm Cu each with different polymers have these 

structures. However, the density of these agglomerates is much less in the case of 200 nm Cu 

catalytic film was used. 
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Figure 3:  AFM images of the topography of Gr500-PA. (a) represents the Height profile, (b) 

represents height profile of the enlarged area marked with yellow dashed box in (a), (c) represents 

Phase profile of the same enlarged area marked with the yellow dashed box in (a), (d) represents 

the cross-section in the height profile (b) marked with the blue/red dashed lines in (b). The blue 

line represents features of greater height particle i.e approximately 30-40 nm where the red line 

features are very shallow particles. 

From the phase map in Fig. 3c, these nano-agglomerates are out of phase with the relatively 

smaller features. In Ref.23, similar nano-agglomerates have been identified as copper oxide 

particles and its formation has been attributed to relatively weak interaction between the copper 

oxide and graphitic film. The reason for the formation of these copper oxides are well explained 

in Ref. 33 where it is experimentally tested and concluded that possibly during the cooling process 

at the end of CVD process, hydrogen acts as a reducing agent and therefore, support in the 

formation of polygon holes exposing the underlying Cu. This Cu reacts with air and results in 

formation of copper oxide with sizes approximately 1 µm. Moreover, during the etching of Cu in 

the RCA solution bath, bubbles can be seen on the surface of the samples (see Fig. S3), the bubbles 
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are the sign that hydrogen peroxide of RCA solution is being decomposed by the copper oxide 

present.  

The exact thickness of these graphitic nanostructures is still not clear due to the resolution 

limitations of the AFM device itself. However, the surface potential results give us sufficient 

evidence of the relative thicknesses within the synthesized graphene structure. In Fig. 3d the 

section profile across thicker part of the graphitic film shows thickness of approximately 10 nm.  

In table 2 the surface features of the nanostructure films are characterized by Ra (average absolute 

values of surface height), Rq (standard deviation of Z axis values) and Roughness Rmax (maximum 

distance between highest and lowest points on surface). The results suggest that the film roughness 

and the estimated thickness variations in the graphitic film increases with Cu film thickness. Also, 

the density of these agglomerates is higher for thicker Cu film.  

 

Table 2: Statistical analysis of the AFM images for Gr200-PA, Gr500-PA and Gr500-PB. 

 

 

 

 

 

 

Figure 4b shows the surface potential map of Gr200-PA along with its phase and adhesion 

results, presented in Fig.4c and Fig.4d, respectively. There is a strong correlation between the 

phase and potential response whereas the adhesion is more homogenous throughout the scanned 

area.  The potential difference profile in Fig. 4b, represented by the section marked as white dashed 

box in Fig. 4a, shows that the potential difference across the graphitic film layer is measured to be 

around ~64.283 ± 2.694 mV, which is in good agreement with results obtained in Ref. 34, where 

 Gr200-PA Gr500-PA Gr500-PB 

Ra, nm 0.531 0.958 0.936 

Rq, nm 0.725 1.23 1.32 

Roughness max, nm 

(Area without agglomerates) 

7.39 7.15 8.53 

Roughness max, nm  

(Area with agglomerates) 

131  91.9 126 

Density of agglomerates /µm2 1.530 1.78 2.19 
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the potential difference between single and bilayer graphene was measured to be around ~66 mV. 

In addition, the mean potential difference between dielectric and graphene is 126.5 ± 35.6 mV. 

Similar value in the range of hundreds of millielectronvolts potential difference has also been 

reported in Ref. 35.  

 

Figure 4: KPFM images for Gr200-PA a) Surface potential spatial distribution b) Enlarged image 

of the area marked with a white dashed box, c) Phase spatial distribution d) Adhesion map. 

In Ref.35 has been discussed that the concept of interlayer screening effect which is the 

underlying principle for surface potential variations as a function of graphene layer thickness. This 

effect is more pronounced as the number of layers in the graphene film exceeds three. This could 

further explain the effect of the impurities screening during the KPFM measurement. Thus, it can 

be inferred that the number of graphene layers is not the same from point to point, and it has some 

specific areas where the interlayer screen effect comes into play, as seen from the potential 

difference distributions. 

3.3. Terahertz time-domain spectroscopy  

The THz transmission (Supplementary data, Fig. S15) has been reconstructed using the equation 

36: 

𝑇(𝜔) =
𝐸𝑠(𝜔)

𝐸𝑟𝑒𝑓(𝜔)
, 
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where 𝐸𝑠(𝜔) and 𝐸𝑟𝑒𝑓(𝜔) are complex Fourier transforms of the measured time domain fields 

𝐸𝑠(𝑡) and 𝐸𝑟𝑒𝑓(𝑡), correspondingly. The value 𝐸𝑠(𝑡) represents the THz electric field transmitted 

from the graphene/dielectric substrate, whereas 𝐸𝑟𝑒𝑓(𝑡) is the transmitted field through bare free 

space.  

The real part of the ac conductivity can be obtained by the following equation applicable for 

thin films, i.e. |
𝑛𝜔𝑑

𝑐
| ≪ 1:37 

𝜎(𝜔) = [(
1

𝑇(𝜔)
) (1 + 𝑛𝑠) − (1 + 𝑛𝑠)]/𝑑𝑍𝑜, 

where ns is a substrate refractive index with value 1.8628 in THz frequencies, Zo is free space 

impedance of 377Ω, d is the thickness of the film taken to be 10 nm and T(ω) is frequency 

dependent relative transmittance of the sample. The extracted effective conductivity, for each of 

the samples can be seen in Table 3.   

Table 3 Extracted ac conductivity of graphitic films on fused silica substrate in THz frequency. 

 

Sample ID 

Conductivity [S/cm] 

0.2 THz 0.6 THz 1.0 THz 

Gr200-PA 1059 1081 1103 

Gr500-PA 1084 1107 1129 

Gr500-PB 1027 1049 1071 

 

The conductivity of graphene is usually reported also with reference to the minimum value of 

graphene conductivity given by 𝜎𝑚𝑖𝑛 =  𝜋𝑒2/2ℎ 38.  We have obtained conductivity values of 

approximately 10 times bigger than that of minimum graphene conductivity. These values are 

smaller compared to those obtained for CVD graphene synthesized on Cu foil and transferred on 

to fused silica substrate, i.e. 20-90 times the value of minimum graphene conductivity 38,39.  

4. Theoretical and simulation results 

Basing on SEM image analysis results we model the synthesized graphitic film as an ensemble of 

randomly oriented conductive prolate ellipsoids with semiaxes a>b and not touching one another. 
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In order to reveal conductivity of the ellipsoidal graphene flakes from the experimentally measured 

conductivity of the composite we use the following equation: 

𝑝

3
(

𝜎𝑔𝑟−𝜎𝑒

𝜎𝑒+𝑔∥(𝜎𝑔𝑟−𝜎𝑒)
+ 2

𝜎𝑔𝑟−𝜎𝑒

𝜎𝑒+𝑔⊥(𝜎𝑔𝑟−𝜎𝑒)
) + (1 − 𝑝)3

(𝜎𝑑−𝜎𝑒)

2(𝜎𝑑+𝜎𝑒)
= 0  , 

where the polarization factors 𝑔⊥ ≅
1

2
 for prolate spheroids and 𝑔∥ =

𝑏2

𝑎2 ln (𝑎/𝑏), p is a 

concentration of graphene particles, 𝜎𝑔𝑟 is a graphene conductivity of flakes, 𝜎𝑑 is a conductivity 

of matrix (in our case 𝜎𝑑 = 0), and 𝜎𝑒 is an effective conductivity of samples, taken from the 

measurement data (Table 3). The frequency dependence of the graphene conductivity can be 

estimated using Kubo formula that accounts for the intraband and interband contributions 40,41:  

𝜎𝑆 = 𝜎𝑆
𝑖𝑛𝑡𝑟𝑎 + 𝜎𝑆

𝑖𝑛𝑡𝑒𝑟 ,k 

𝜎𝑆
𝑖𝑛𝑡𝑟𝑎 =

2𝑘𝐵𝑇𝑒2

𝜋ℏ2
ln (2𝑐𝑜𝑠ℎ

𝐸𝐹

2𝑘𝐵𝑇
)

𝑖

𝜔 + 𝑖𝜏−1
 , 

𝜎𝑆
𝑖𝑛𝑡𝑒𝑟 =

𝑒2

4ℏ
[𝐻 (

𝜔

2
) + 𝑖

4𝜔

𝜋
∫

𝐻(Ω) − 𝐻 (
𝜔
2)

𝜔2 − 4Ω2
𝑑Ω

∞

0

], 

where T is the temperature, EF is electrochemical potential (Fermi energy), ω is frequency of the 

electromagnetic wave and τ =10-13 s is the relaxation time, 𝐻(Ω) = sinh (
ℏΩ

𝑘𝐵𝑇
) /[cosh (

ℏΩ

𝑘𝐵𝑇
) +

cosh (
𝐸𝐹

𝑘𝐵𝑇
).  
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Figure 5: Calculated conductivity of the graphene flakes and theoretical conductivity obtained by 

Kubo formulas at chemical potential 1.2 meV.  

Figure 5 shows the frequency dependence of the conductivity of graphene flakes in three samples 

mentioned in Table 3. At frequency of 0.6 THz, the calculated conductivity of graphene flakes for 

Gr200-PA, Gr500-PA and Gr500-PB are 1244 S/cm, 1258 S/cm, and 1252 S/cm, respectively. The 

conductivity we obtained is close to that of reported in Ref. 37 where reduced graphene oxide flakes 

with low electrical interconnectivity between the flakes is translated by the low conductivity values 

of around 900 S/cm. Second important point is the close similarity of the conductivity values 

obtained from the thin film equation (summed up in Table 3) and that with the proposed model 

above. These values of conductivity are even higher than that obtained for experimental results for 

CVD multilayer graphene transferred to quartz substrate 38, and so it can be further emphasized 

that such fragmented graphitic flakes with a filling factor resulting from direct synthesis on a 

dielectric substrate have enhanced conductivity in the Terahertz frequencies. 

5. Discussion and conclusions 

In our experiments, we developed synthesis of graphitic films directly on a dielectric substrate and 

demonstrated that the process parameters including thickness of the sacrificial copper film play a 

significant role on the integrity and quality of the obtained graphene. We found in particular that 
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at the temperature of around 900 °C the synthesis process demonstrated the highest repeatability 

in terms of the properties of the obtained graphene. The growth time is seen to have not much 

effect on the thickness of the MLG whatsoever, however it does have effect on the quality or the 

number of disorders in the graphene crystallite (see Fig. S8). Therefore, it is important to stress 

that the disorder in graphene can be controlled by varying the thickness of Cu film and the carbon 

deposition time.  

The same synthesis conditions applied to the bulk Cu foil allows to synthesized more disordered 

mono-layered graphene in comparison with that obtained at direct growth on dielectric substrate 

via sacrificial Cu layer, not requiring further time consuming transfer.   

The easy, transfer-free deposition of graphene on the dielectric opens further possibility of 

integration of these nanostructures with devices where metal contamination-free films are needed, 

for example biological experiments. The electrical and optical response of these graphitic films 

are strongly influenced by the quality of the fabricated structures. In recent studies, very few 

information on the electrical and topological information of the described above graphitic films 

has been provided. In the present study we have presented a deeper insight into these 

characteristics. 

Our results suggest the presence of unintentional doping which could arise from the charge 

puddles due to structural imperfections or as a result of trapped water and/or oxygen molecules in 

between substrate and graphene or even Cu residue particles 42. This is evident from the AFM and 

KPFM measurements (see Fig. 3 & 4). In addition, the imperfections in the graphene structure also 

affect the conductivity and this can be seen from the AFM statistical analysis results (Table 2), 

where the Gr200-PA has lower Rq and Ra values as compared to that of Gr500-PA. Moreover, the 

conductivity of graphene flakes comprising the CVD graphitic material directly synthesized on the 

dielectric substrate is as high as 1200 S/cm in THz frequency range.  
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Achieved parameters are competitive with other methods for the fabrication of graphene 

samples, for example, the spraying method demonstrating effective conductivity about 900 S/cm 

for reduced graphene oxide samples after a high temperature reduction process at 1000 °C 37. 

Moreover, the 5 nm thick rGO film transmits less than 80%, whereas transmittance of the 

fabricated samples by our method has close to 97% (Supplementary data, Fig.  S14). 

To summarize, our approach is important for the fabrication of non-ideal graphene samples for 

a wide variety of applications, such as filters, waveguides, and metamaterials3,43,44,45,46, working 

in THz frequency range where the fragmented samples of graphene, characterized by effective 

conductivity, could be useful due to electromagnetic coupling of those graphene flakes. Such a 

combination of a simplicity of the synthesis, high ac conductivity at THz frequencies and 

transparency in visible range makes proposed fabrication technique attractive for THz photonics 

applications.  
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