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Abstract

:

Graphene films prepared from solution and deposited by Langmuir–Blodgett self-assembly technique (LBSA) were treated with radio-frequency (13.56 MHz) nitrogen plasma in order to investigate the influence of the time of nitrogen plasma exposure on the work function, sheet resistance, and surface morphology of LBSA graphene films. Kelvin probe force microscopy and sheet resistance measurements confirm nitrogen functionalization of our films, with the Fermi level shifting in a direction that indicates binding to a pyridinic and/or pyrrolic site. Upon 1 min of nitrogen plasma exposure, the sheet resistance decreases and there is no obvious difference in film morphology. However, plasma exposure longer than 5 min leads to the removal of graphene flakes and degradation of graphene films, in turn, affecting the flake connectivity and increasing film resistance. We show that by changing the exposure time, we can control the work function and decrease sheet resistance, without affecting surface morphology. Controllability of the plasma technique has an advantage for graphene functionalization over conventional doping techniques such as chemical drop-casting. It allows for the controllable tuning of the work function, surface morphology, and sheet resistance of LBSA graphene films, which is substantial for applications in various optoelectronic devices.
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1. Introduction


Liquid phase exfoliation (LPE) is one of the simplest and most cost-effective methods for producing large flake quantities in dispersions of a broad range of layered materials [1]. LPE makes use of solvent molecules whose penetration between layers of bulk material is induced by turbulent motion of the solution [2]. LPE followed by Langmuir–Blodgett self-assembly (LBSA) deposition enables the production of thin films with high substrate coverage [3], and it satisfies practical application demands. Graphene films produced by LBSA from LPE solutions have high transparency throughout the visible part of the spectrum, with more than 80% transmittance. However, the limiting factor for the application of LBSA films in optoelectronic devices is the high density of defects that causes high sheet resistance [4]. The application in optoelectronic devices of films obtained by self-organization of graphene flakes requires appropriate surface modification/functionalization, to adapt the electrical properties of the films to the requirements of the electronic industry. Chemical modification of graphene has been a widely used technique to tailor graphene properties. It involves doping and surface modification during the graphene/graphene film preparation process or afterward as a post-treatment of pristine graphene. Different dopants have been applied to LBSA films in order to modify their properties [4,5,6,7]. However, most of the applied methods lower sheet resistance without affecting transparency, but provide little control over the amount of doping.



The use of non-equilibrium plasma for surface treatment and functionalization was investigated and it proved to be a versatile tool for processing many types of materials used in electronics [8]. Plasma reactors operating at low pressures are able to create chemically reactive volumes of homogeneous plasma at room temperature with properties that can be adjusted by changing the working gas, pressure, plasma power, etc. [9], and by tuning plasma chemistry processes at surfaces, driven by high-energy electrons and reactive heavy particles created in the plasma, surface properties can be modified as desired. Nitrogen-based plasmas (in pure nitrogen or nitrogen mixtures) are frequently used in treatment of textiles or seeds due to their ability to activate the surface of the treated samples in order to apply nanoparticles or microcapsules or to activate the germination process in seeds [10,11,12].



Doping with nitrogen plasma is one of the most promising methods to precisely tailor the electronic properties of graphene [13,14]. There are three main bonding configurations of nitrogen in graphene [15]. Nitrogen atoms can be implanted at a graphitic site (in the basal plane), when nitrogen directly substitutes a carbon atom, and to a pyridinic or a pyrrolic site (at graphene edges). Each nitrogen bonding configuration affects the local charge distribution and local density of states differently, leading to different electronic properties. However, experimental results and theoretical calculations for N-plasma doping of CVD graphene suggest that optimal process conditions are required to bind N to graphene without the formation of excessive plasma-generated defects that can destroy the structure of homogenous graphene films [16].



In this study, we examined the electronic properties of Langmuir–Blodgett self-assembled graphene films exposed to radio-frequency (RF) nitrogen plasma and investigated the influence of nitrogen plasma exposure time on the work function, sheet resistance, and surface morphology of LBSA graphene films. KPFM measurements indicate that our films show p-type behavior and that nitrogen binds to the edges of graphene flakes in our LBSA films. AFM indicates that the morphology of our films strongly depends on the exposition time, and resistance measurements show that we can decrease sheet resistance by tuning exposure time.




2. Results


The plasma spectrum recorded at treatment conditions is presented in Figure 1. In the wavelength range between 200 nm and 1000 nm, we identified emission bands of nitrogen molecules: first positive system (transition B3Πg–A3Σ+u), second positive system (transition C3Πu–B3Πg), and nitrogen ions: first negative system (transition B2Σ+u–X2Σ+g) [17,18]. The emission in the region below 285 nm may originate from excited N2 (fifth positive and/or Gaydon–Herman singlet systems) or NO bands formed due to small amounts of oxygen impurities. Lines of atomic nitrogen have not been observed. However, this is due to the fact that dissociative excitation of N2 or electron excitation of N atoms are not favored processes in low-pressure RF plasmas in nitrogen. This results in absence of N lines in the spectrum in this type of discharge generally [19] On the other hand, it has been demonstrated that these types of non-equilibrium plasmas have many advantages when used for plasma functionalization over conventional doping techniques [13].



The presence, density, and nature of defects determine the suitability of graphene for doping and other chemical modifications that can be used to change the electronic structure. The density and type of defects in graphene can be deduced from Raman spectra [20,21]. The appearance of D and D’ modes in Raman spectra indicates the presence of defects, the ratio of the intensities of the D and G modes is used to estimate defect density, while the ratio of intensities of the D and D’ modes is used to deduce the nature of defects. Figure 2 shows a typical Raman spectrum of an LBSA graphene film with well-resolved D, G, and 2D bands. The ratio of intensities of the D and G modes of 0.64 confirms a high density of defects in LBSA graphene films. The ratio of intensities of the D and D’ modes can be used to determine the dominant defect type in graphene, such as topological defects, edges, vacancies, substitutional impurities, and sp3 defects. In our films, the ratio of intensities of the D and D’ modes is 5.20, indicating that edges are dominant defect sites, and, as such, may be considered the main reaction centers that enable surface modification of our films by nitrogen plasma doping.



To examine the influence of nitrogen plasma doping on the electronic structure of LBSA films and predict the structural arrangement of nitrogen in doped LBSA films, we measured the surface work function (WF) of LBSA films with KPFM prior to and after nitrogen plasma treatment. Figure 3 depicts KPFM maps of the contact potential difference (CPD) between the sample and the tip before and after nitrogen exposure. Each of the surfaces shown on the different panels of Figure 3 has different CPD, as evidenced from the scale bars.



In order to determine the average CPD of the measured surface, histograms of corresponding KPFM maps (Figure 4a) were used. To measure the absolute value of the WF, we use as a reference the work function of highly ordered pyrolytic graphite (HOPG), a tabulated value of 4.6 eV. The work functions of the tip, HOPG, untreated, and treated films were related to their corresponding CPD measurements, as illustrated in Figure 4b. The work function of all graphene samples is larger than the reference value of 4.6 eV, indicating p-type behavior. It is found that nitrogen plasma treatment increases the WF from 4.89 eV to 5.1 eV, shifting the Fermi level downwards by ∼200 meV. Previous works already reported the strong correlation of the work function with the nitrogen doping site [22]. Since the work function is determined as the difference between the vacuum level and the Fermi level, a variation in the density of states near the Fermi level causes a change in the work function. In the case of graphitic nitrogen, nitrogen acts as an electron donor to the surrounding carbon atoms, inducing n-doping and a decrease in the work function. In the case of N binding to a pyridinic or a pyrrolic site, nitrogen acts as an electron acceptor resulting in the formation of a lone electron pair at the nitrogen atom and positively charged surrounding carbon atoms, inducing p-doping of graphene and an increase in the work function. Considering that nitrogen atoms bound to a graphitic site lower the work function, while nitrogen atoms at a pyridinic or a pyrrolic site increase the work function, from our KPFM measurements, we conclude that nitrogen binding to a pyridinic and/or pyrrolic site is dominant for LBSA graphene films. This is in agreement with the expected results for LBSA graphene films, where edges are the dominant defect type. Nitrogen binding to graphene is further confirmed with Fourier transform infrared spectroscopy (Figure S1, see Supplementary Information).



Figure 5 depicts the sheet resistance of LBSA graphene films upon and after exposure to nitrogen plasma treatment. Prior to exposure, the sheet resistance of LBSA graphene is near 50 kΩ/sq. Upon 1 min of exposure, the sheet resistance decreases to around 45 kΩ/sq, remaining at a stable value as the exposure increases up to 5 min. Sheet resistance increases for exposure longer than 5 min. It appears that less than 5 min of exposure is enough for nitrogen doping to reach a saturation point. Further exposure of LBSA graphene films dramatically increases sheet resistance, leading to non-conductive films after 20 min of nitrogen plasma treatment.



To investigate the origins of the sheet resistance change with nitrogen plasma treatment, we examine the surface morphology of our films by AFM. Figure 6 depicts AFM topography of the same areas of the film that we used to measure the WF. AFM shows a high substrate coverage with broad lateral size and thickness distributions of overlapped graphene flakes. Compared with untreated LBSA graphene film, there is no obvious difference in film morphology after 1 or 5 min of exposure. However, there is a small change in film thickness after 5 min of treatment. Average film thickness is estimated as the peak-to-peak distance from histograms of sample/substrate edge areas before and after nitrogen exposure. The average thickness of our films is estimated as 5.2 nm for untreated, and 4.5 nm for 5 min nitrogen-plasma-treated LBSA films, indicating an average graphene sheet thickness of 17 and 15 layers, respectively (Figure 7). AFM measurements show that nitrogen plasma exposure longer than 5 min leads to the removal of graphene flakes, and exposures of 10 and 20 min to the formation of voids and complete degradation of graphene films, in turn affecting flake connectivity, thereby increasing film resistance.



For a further study of the processes occurring on the surface of the films and their stability, we performed vacuum annealing of the LBSA graphene films both before and after N plasma treatment. We have shown previously that untreated, as-made LBSA films undergo a decrease in resistance upon thermal treatment [6], which is also the case in this work. The sheet resistance decreases by a factor of ~2 upon annealing of pristine LBSA films. However, the films that are exposed to N plasma prior to annealing undergo a larger change in resistance upon annealing, as depicted in Figure 8. In fact, the longer a film is treated with plasma, the more its resistance changes during annealing. This effect is an indication that the described plasma treatment and doping of LBSA films is reversible with treatment, which can be useful for construction of practical sensor devices [23]. Plasma treatment reversibility with annealing is not surprising and has been observed in numerous studies before [24].




3. Discussion


In this paper, we presented p-type doping of cost-effective and industrial-compatible LBSA graphene films with radio-frequency nitrogen plasma. KPFM measurements confirm the nitrogen functionalization of LBSA graphene films and an increase in the work function of all treated graphene samples indicates dominant binding to a pyridinic and pyrrolic site. KPFM measurements also show that the sensitivity of the work function to the time of the nitrogen plasma exposure provides an opportunity to tune the work function of graphene thin films to the desired value. However, AFM and sheet resistance measurements indicate that more than 5 min of nitrogen plasma exposure degrades graphene films and increases sheet resistance. Although longer nitrogen plasma treatment affects the flake connectivity, the change in the exposure time could be used to adjust the work function up to 5.04 eV and to decrease sheet resistance without affecting surface morphology. Plasma treatment is shown to be an effective method of modifying the surface properties of graphene, which could be utilized for various purposes such as devices and coatings.




4. Materials and Methods


Graphene dispersions were produced from commercially available graphene powder (Sigma Aldrich, Taufkirchen, Germany) with the initial concentration of 18 mg/mL by liquid phase exfoliation in N-Methyl-2-pyrrolidone (NMP, Sigma Aldrich, Taufkirchen, Germany, product no. 328634) by the same procedure as previously reported [6,25]. The as-obtained dispersions were used for thin film formation by the Langmuir–Blodgett method. A small amount of the graphene dispersion was added to a water–air interface until the surface pressure became high enough to enable close-packing of graphene flakes and the formation of a compact film. The formed film was slowly scooped onto a SiO2/Si substrate.



Plasma treatments were performed in a chamber with plane-parallel electrode geometry with 5 cm electrode gap and N2 as working gas. The upper electrode was powered with a 13.56 MHz signal while the lower electrode was grounded and served as a sample holder. Before measurements, the chamber was evacuated to low pressure of a few mTorr in order to minimize impurities in the working gas. During the treatments, the pressure was kept constant at 500 mTorr of N2. The RF power was fixed at 50 W with a reflected power of 0 W. The tuning parameter in this work was treatment duration, as the graphene films were exposed to nitrogen plasma for 1, 5, 10, and 20 min.



Raman measurement was performed using a TriVista 557 S&I GmbH Micro Raman spectrometer (λ = 532 nm) (Teledyne Princeton Instruments, Trenton, NJ, USA) at room temperature. FTIR spectra were recorded with a Nicolet Nexus 470 FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) over a range of 400–4000 cm−1. All films are deposited on a ZnSe substrate.



Work function measurements were performed with Kelvin probe force microscopy (KPFM, NTEGRA Spectra, Limerick, Ireland) prior to and after photochemical treatment of our graphene films and the surface morphology of obtained graphene thin films was characterized with an atomic force microscope (AFM, NTEGRA Spectra, Limerick, Ireland) in tapping mode. The resistance of graphene films was measured in a four-point probe configuration (van der Pauw geometry).



Vacuum annealing was performed in a vacuum furnace CY-A1200-4IT (Zhengzhou CY Scientific Instrument, Zhengzhou, China) at a temperature of 150 °C and a vacuum of 10−2 mbar for one hour.




5. Conclusions


Our work demonstrates an effective method for controlled doping of LBSA graphene films with nitrogen plasma exposure. The work function, surface morphology, and sheet resistance of LBSA films can be controllably tuned by exposure time, which could be useful for tuning the properties of optoelectronic devices.
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Figure 1. Emission spectrum of N2 plasma with designation of the transition bands. 
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Figure 2. Representative Raman spectra of LBSA graphene film. Relationship between the value of the ratio between the intensity of the D and the D’ mode to the type of defect (inset) [20,21]. 
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Figure 3. KPFM map of HOPG, untreated, and nitrogen-plasma-treated LBSA film for 1, 5, and 10 min nitrogen plasma exposure time. 
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Figure 4. (a) KPFM histograms of LBSA graphene film before (gray) and after (red, blue, and green) doping, (b) schematic of the relationship between measured CPDs and their corresponding work functions. 
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Figure 5. Sheet resistance of LBSA graphene films as a function of nitrogen plasma exposure time. 






Figure 5. Sheet resistance of LBSA graphene films as a function of nitrogen plasma exposure time.



[image: Condensedmatter 08 00034 g005]







[image: Condensedmatter 08 00034 g006 550] 





Figure 6. The 5 × 5 μm2 topography of untreated, 1, 5, 10, and 20 min nitrogen-plasma-treated LBSA film and their corresponding 3D images. Red circles indicate the complete absence of graphene flakes. 
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Figure 7. An untreated film/substrate (left) and 5 min treated film/substrate (right) height histogram obtained from AFM topography images (inset), and fitted by a log-normal curve (solid line). 
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Figure 8. The effect of vacuum annealing on the sheet resistance of treated and untreated films. 
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