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Abstract: Graphene quality for use in biosensors was assessed in fabricated chips by a set of methods that 

includes atomic force microscopy (AFM), Raman spectroscopy, and low-frequency noise. It is shown that local 

areas of residues on the graphene surface, which arisen due to the interaction of graphene with a photoresist 

at the initial stage of chips development, leads to a spread of chips resistance (R) within 1-10 kΩ and to an 

increase in the root mean square (RMS) roughness up to 10 times that can significantly impair reproducibility 

of graphene parameters in biosensors chips. It was observed that the control of the photoresist residues after 

photolithography (PLG) by AFM and subsequent additional cleaning allow reducing the spread of R values in 

chips to 1–1.6 kΩ and obtaining RMS roughness similar to the roughness in pristine graphene before PLG. 

Monitoring of the spectral density of low-frequency voltage fluctuation (SU), which provides integral 

information about the defect system and quality of the material, makes it possible to identify chips with low 

graphene quality and with inhomogeneously distributed compressive stresses areas by the type of frequency 

dependence SU (f). 
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1. Introduction 

Graphene, a representative two-dimensional material, has been actively investigated for 

applications in viral biosensors, such as biosensors for detection of influenza and Cov19 viruses [1–

9]. To assess the quality of graphene films, Raman spectroscopy, atomic force microscopy (AFM) and 

measurements of the concentration and mobility of charge carriers are widely used.  

Currently it is not clear to what extent is it possible to preserve the quality of pristine graphene 

films in the process of chips fabrication and obtaining biosensors based on it. Recent publications [9–

12] have shown that the quality of graphene films can be disturbed already at the initial stage of the 

chip formation of a given topology by photolithography (РLG) procedure. It is shown that photoresist 

interacts with graphene creating local regions with resist residues (LRRs) poorly removed from the 

graphene surface. This problem cannot be solved completely by selecting a specific photoresist, since 

the interaction proceeds at the level of benzene rings, presenting in all types of photoresists used, and 

graphene (regardless of the method of its production) [11]. The traditional method of controlling the 

photoresist removal process in an optical microscope does not detect LRRs on graphene. 

The presence of LRRs impairs graphene morphologies, enhances heterogeneous deformation 

distribution and non-reproducibility of biosensor parameters even until graphene functionalization, 

antibody immobilization and antigen (virus) sensing [9–12]. In particular, it has been shown that the 

resistance value of biosensors obtained from the same batch can vary from 2 to 10 times, and 

reproducible resistance values are observed only for 20% of biosensors [9].  

One of the methods to resolve the problem is to use a protective (sacrificial) layer between 

graphene film and a photoresist to limit the interaction between them [12–14]. Other method is to 
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control of graphene morphology after each PLG process by AFM methods with additional cleaning 

of the detected LRR in solvents. Encouraging results were obtained by both methods [9,12]. 

The effectiveness of the practical use of viral biosensors determines by reproducibility of the 

fabricated chips parameters and graphene quality. In this work, we report on assess the quality and 

reproducibility of graphene parameters in chips at the initial stage of their production not only AFM 

and Raman studies but with low-frequency noise studies.  

As two-dimensional structure and widely tunable two-dimensional carrier concentration, 

monolayer graphene films offer unique opportunities for studying their 1/f noise [15]. A smaller 

density of structural defects and higher material quality usually results in smaller noise spectral 

density. An independent investigation of 1/f noise in a wide selection of graphene devices (μ in the 

range 400 to 20,000 cm2·V–1·s–1) concluded that in most of the devices examined the dominant 

contribution to 1/f noise was from the mobility fluctuations arising from the fluctuations in the 

scattering cross-section σ [15,16].  

The low-frequency 1/f noise caused by mobility fluctuations can appear as a result of the 

superposition of elementary events in which the scattering cross-section, σ, of the scattering centers 

fluctuates from σ1 to σ2. For graphene films, the dependence of the spectral density of low- frequency 

current noise (SI ) or voltage fluctuations (SU) on frequency has the form SU ~ 1/fγ in the frequency 

range 1-100Hz. The nature of this noise is diverse and reflects fluctuation processes in the material, 

such as fluctuations in carrier mobility, carrier concentration, fluctuations in the height of barriers, 

charge fluctuations in surface states, as well as the charge state of defects with different activation 

energies [15,17]. Fluctuations in the population levels forming the tail of the density of states near the 

boundaries of the conduction band and the valence band. These fluctuations may be due to various 

imperfections of the crystal lattice: clusters, extended defects, local stresses, inhomogeneities of 

composition, non-ohmic contacts. The regions on the dependence SU ~ 1/fγ with a parameter γ other 

than 1 also suggests the presence of local areas with inhomogeneous deformation. Comparing the 

magnitude of low-frequency noise at a frequency of 1.22 Hz with the same geometry of the chips 

allows us to judge integrally the graphene quality and the reproducibility of the graphene properties 

in the chips. 

2. Materials and Methods 

The graphene films were formed on semi-insulating 4H-SiC substrates by thermal 

decomposition of the (0001) Si surface in a graphite crucible with induction heating [18]. The method 

allows one to obtain high-quality graphene films on a high-resistance substrate of arbitrarily large 

areas, which is important to process graphene chips (dies) for sensing applications.  

The ordinary photolithography process was applied to form a topological pattern of the 

graphene/SiC-based chips utilizing AZ1318 photoresist. The photoresist was removed in acetone and 

the graphene surface was examined by AFM followed by additional cleaning of the LRRs Details of 

graphene films processing and mounting of chips on holders can be found elsewhere [18,19]. Chips 

with two contact pads (graphene resistors- the base of biosensors) is shown Figure 1a, b. The size of 

the sensing area (active surface of graphene in the chip) is about 0.8 × 0.8 mm2 . 
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Figure 1. Schematic image of graphene chip on SiC substrate (a); Optical image of SiC sample with a 

set of graphene chips Size of the sample is 11mm × 11 mm (b).; Raman spectra of the initial 

graphene/SiC sample before PLG (c). 

The presence of graphene films on the SiC surface was confirmed and their structure was 

characterized by Raman spectroscopy. Measurements were performed at room temperature in the 

backscattering geometry using a Horiba LabRAM HREvo UV-VIS-NIR-Open spectrometer (Horiba 

Jobin-Yvon, France) equipped with a confocal microscope. A YAG:Nd laser with a wavelength of 532 

nm was used as an excitation source. The laser beam was focused in the area with ~ 1 μm diameter 

using an Olympus MPLN100x objective lens (NA = 0.9). The laser power nm was limited to 4.0 mW 

to prevent damaging and modification of graphene films. 

AFM and Kelvin probe force microscopy (KPFM) measurements of the graphene surface 

morphology were carried out on an Ntegra AURA setup (NT-MDT, Russia). AFM studies were 

carried out using the HA_FM cantilever (www.tipsnano.com) in a resonant mode of operation. The 

AFM probe knocks on the surface scanning frequency 0.6 Hz. The stiffness coefficient of such a 

cantilever is 3.5 N/m, the radius of curvature is less than 10 nm, the scanning field size is 256 × 256 

points. 

The power spectral density of voltage fluctuations was measured for the graphene chips 

mounted on a holder in a frequency range from 1 to 50 kHz. The studied chips were connected in 

series with a low-noise load resistor RL whose resistance varied from 100 Ω to 13 kΩ, depending on 

the current passing through the chip. The voltage fluctuations SU at the resistors RL were amplified 

by a low-noise preamplifier SR560 (Stanford Research Systems, USA) and subsequently measured by 

an SR 770 FET NETWORK Analyzer (Stanford Research Systems, USA). The background noise of the 

preamplifier did not exceed 4 nV/√Hz at 1 kHz, which is approximately equivalent to the Johnson–

Nyquist noise of a 1000-Ω resistance. The I–U characteristics of the chip were measured using the 

KEITHLEY 6487 power source.   

3. Results and Discussion 

The Raman spectra of the as-grown graphene film consist of sharp G and 2D lines characteristic 

of monolayer graphene [21] and several bands centered at approximately 1230, 1380 and 1550 cm−1 

corresponding to the buffer layer [22] as shown in Figure 1c. High structural quality of the graphene 

film is indicated by the absence of the defect-related D line. The root mean square roughness (RMS) 

of as-grown (pristine) graphene films was 0.4 - 0.5 nm at AFM scan 10 μm × 10 μm. 

50 chips fabricated from the same graphene/SiC sample (EG417 series chips further in the text) 

were evaluated based on AFM characterization, the results of resistance measurement, the level of 

spectral density of low-frequency noise (SU) at a frequency of 1.22 Hz, as well as analyzing the shape 

of SU frequency dependencies.  

In the earlier study [9], the resistance value spread in as-fabricalueted chips was up to 1-10 kΩ 

without AFM control graphene topology after each stage of PLG. At the same time, only 20% of chips 

out of 50 ones had resistance values in the range of 1-1.6 kOhm and the RMS roughness is 0.5 - 1 nm 

at AFM scan of 10 μm × 10 μm Figure 2a, as the same as  on pristine graphene film before PLG. The 

terraces visible on the surface are typical of the graphene films on SiC substrates [23]. Large values 

of resistance in chips, as a rule, were accompanied by a large RMS value of graphene surface 

roughness up to 1.5 - 10nm at AFM scan of 10 μm × 10 μm Figure 2b. The LRRs (white regions in 

AFM view) are the cause of RMS increase.  
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Figure 2. AFM surface topography of graphene on different stages of chip processing (scan 10 μm × 

10 μm): initial graphene/SiC surface (RMS = 0.55 nm) (a); graphene surface in chip without cleaning 

of the LRRs (RMS = 1.51 nm) (b); graphene surface in chip after additional cleaning of the LRRs (RMS 

= 0.60 nm) (c); (d) – (e) surface profiles along the dotted line on corresponding topography images. 

In this work, an additional cleaning of the LRRs after the AFM control made it possible to 

significantly reduce the spread of resistance values down to 1-1.6 kΩ. No RMS values larger than 2 

nm were observed on graphene in majority of chips. The most typical values are near 0.60 nm Figure  

2c., which coincides or is close to the initial RMS values of initial graphene/SiC surface (RMS = 0.55 

nm) 

To find out the reasons for the resistance spread in the range 1-1.6 kΩ , measurements of the 

spectral density of voltage fluctuations SU at a frequency of 1.22Hz were carried out on all 50 chips. 

The histogram of the distribution of SU values is shown in Figure 3a. For 82% of chips, SU values are 

as low as SU =(1-4)×10-13 V2·Hz-1 that indicates good quality graphene. The Rаman spectra for these 

chips are similar to those shown in Figure 1c.  

Figure 3 shows the frequency dependences of SU for several chips from the same EG417 series. 

For the EG417-D6 chip in Figure 3b, two regions are clearly visible. In the frequency range 1-100 Hz, 

the experimental data fit to the dependence SU ~ 1/f. A weaker dependence SU ~1/f0.8 is observed for 

higher frequency f>100 Hz. We believe the SU dependence at higher frequency might be due to a 

superposition of 1/f noise and generation-recombination (GR) noise. These features mean that, in 
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addition to the system of defects typical of low-dimensional materials, there are single Shockley-

Reed-Hall defects.  It should be noted that this SU behavior is observed on graphene in chips with 

RMS values close to those on the pristine graphene film before PLG Figure 2a  

For the remaining 18% of chips, the spread of SU values was in the range from 6x10-13 to 8x10-11 

V2·Hz-1. The SU of these chips has different values of excess noise and the regions with frequency 

dependencies SU ~1/f γ having various values of γ up to 1.4 with a maximum SU value at 1.22 Hz for 

the EG417-C5 chip in Figure 3b. 

According to theoretical concepts, this kind of dependence is due to the presence of 

inhomogeneous deformations in the material [15]. We have observed earlier that the dependence SU 

~ 1/fγ (γ >1) in graphene films and chips is consistent with Raman spectra data demonstrating an 

inhomogeneous distribution of compressive stresses in graphene [24]. Studying of graphene 

topography in these chips reveals cracks in graphene shown in Figure 4a,b,c,d (EG417-Е7, - C5) and 

extended LRRs regions shown in Figure 4e,g (EG417-E5) or a large number of heterogeneously 

spaced LRRs Figures 2b and 4e.  

 
(a) 

  

 
(b) 

Figure 3. Frequency dependence of SU. The histogram of SU distribution at a frequency of 1.22Hz for 

50 chips obtained with an additional cleaning of the LRRs (a), low-frequency noise spectra of the chips 

with different SU values (b). Dashed lines indicate a simulation of the1/fγ dependence with γ 0.8, 1, 

and 1.4 for references. The insert shows the chip numbers. 
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Figure 4. Graphene surface topography in three chips with excessive low-frequency noise SU > 4×10-

13 V2 Hz-1 (scan 10 μm × 10 μm) (a,b, c, ); (d,e,f) surface profiles along the dotted line on corresponding 

topography images surface (d,e,f). Three-dimensional image of graphene with LRRs (g). 

The area of superposition of two types of noise is observed in the graphene of chips EG417-E7 

and EG417-E5 in Figure 3b., but judging by the slope of the SU dependencies, the contribution of GR 

noise is less. In addition, the higher the noise level at a frequency of 1.22 Hz, and also at f<100 Hz, the 

slope of SU dependence increases (SU ~ 1/f1.4), which, according to theoretical concepts, reveals the 

presence of inhomogeneously distributed deformations [15]. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 May 2023                   doi:10.20944/preprints202305.2030.v1

https://doi.org/10.20944/preprints202305.2030.v1


 7 

 

As it was shown previously [9], the heterogeneous distribution of deformations in the graphene 

chip used as a biosensor leads to non-uniform spread of the immobilized of antibodies. The 

attachment of viruses (antigens) occurs not only to antibodies in accordance with antibody-antigen 

immunoreaction but on the part of the graphene surface what gives an error when determining the 

concentration of viruses. The antibody-antigen immunoreaction on the graphene surface is a 

principal for operation of the graphene-based biosensors. The formation of cracks in graphene leads 

to additional inhomogeneous deformations. Cracks also form uncontrollable areas to attach antigen 

directly to the graphene surface besides antibody-antigen immunoreaction. It destroys the normal 

biosensor operation. 

5. Conclusions 

The results obtained revealed several reasons for the deterioration of graphene quality in chips 

for use in biosensors: the presence of randomly distributed local regions with resist residues LRRs 

and inhomogeneously distributed deformations, as well as the formation of cracks. It is shown that 

additional cleaning of LRRs identified by AFM makes it possible to restore the RMS roughness of 

graphene close to the roughness of the pristine graphene before PLG and to reduce the spread of 

chips resistance values. It was found out that monitoring of the spectral density of voltage 

fluctuations (SU) and the features of the type of frequency dependence SU make it possible to identify 

chips with inhomogeneously deformed graphene that may deteriorate the detecting properties of the 

biosensors made on the basis of these chips. Thus, the quality assessment of graphene by AFM and 

low-frequency noise methods and also Raman spectra in chips makes it possible to improve the 

reproducibility of the parameters of chips intended for use in biosensors of viral infections. 
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