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To optimize the field emission behavior of graphene, a simple, low-cost and large-scale method was 

developed to introduce metallic particles onto the graphene and is described in the present report. 

Cu/graphene composite field emitters were fabricated by the one-step process of electrophoretic 

deposition. The Cu/graphene composite emitters prepared with this technique showed a lower turn-on 

electrode of 1.55 V/μm, lower threshold field of 2.45 V/μm and higher field enhancement factor of 5600 

compared with those of the pristine graphene. The optimized field emission properties of the 

Cu/graphene composite were mainly attributed to the introduced Cu nanoparticles, which increased the 

density of the emission sites and decreased the series resistance. These results provide us with a new 

approach to optimize graphene-based emitters for vacuum devices. 
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1. INTRODUCTION 

Graphene has drawn additional attention in this decade due to its exceptional physical, chemical 

and mechanical properties [1,2]. Due to its high aspect ratio, abundant sharp edges, large surface-to-

volume ratio, and excellent electrical and thermal conductivity, graphene is expected to be a promising 

material for fabricating high-performance vacuum devices [3-5]. The additional winkled edges can allow 

electrons to easily tunnel through the surface potential barrier under a low external electronic field [6]. 

Research progress in recent years for graphene and graphene-based composites/hybrids has given rise 

to an increased interest in this field [7-9]. Graphene or graphene-based composites/hybrid field emission 

devices can be fabricated by many methods. However, most graphene field emission devices experience 

challenges because the sheets are often assume a flat position on the substrate. Graphene field emission 

mainly resulted from the edges of single-layer graphene in previous reports [10,11]. By creating 
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additional emission sites on the surface of a graphene sheet, the voltage for electron emission from the 

graphene sheets can be reduced [12]. Although the graphene edges contributed additional electrons for 

field emission, the low number of emitting sites limited the emission current density. Currently, graphene 

emitters exhibit high resistance and degraded mechanical performance during the field emission process 

[13-15]. The high contact barrier/resistance between graphene and the substrate limits the high current 

density of the field emission devices. To improve the electrical conductivity, a substantial amount of 

effort has been expended by different groups by the fabrication of composite materials [16,17].  

The characteristics of graphene-based composite/hybrid materials include a new structural nature 

and additional synergistic performance. Composite systems can display better properties than their 

individual segments [18-20]. Graphene-based composites/hybrids can improve the performance of 

graphene, such as its electrical, mechanical, and thermal properties [21,22]. The composites/hybrids 

have mutually complementary structures and properties. Therefore, they have expanded potential 

applications in electronic devices, especially in vacuum devices [23-26]. The Electrophoretic deposition 

(EPD) process is a fascinating technique for the operation and management of nanomaterials, especially 

carbon-based materials. The deposition parameters can be easily controlled, and the morphological 

conformation of the materials have considerable flexibility. For the EPD method, the quantity and quality 

of deposition can be accurately manipulated. The EPD technique requires a simple apparatus, has a high 

deposition rate, and is economical, convenient and inexpensive. In recent years, graphene field emitters 

have been successfully fabricated by EPD. Because the EPD technique has a high deposition rate and 

throughput, it is an economical, convenient and inexpensive process, but the graphene sheets are 

generally flatly laid on the substrate surface by EPD. The small number of emitting locations limits the 

emission current from the graphene emitters. To optimize the field emission performance, 

composites/hybrids of graphene with metal nanoparticles have received a substantial amount of attention 

in recent years [27,16,17]. Compared with the properties of pristine graphene, the nanoparticle/graphene 

composites/hybrids showed an improvement. Composites of graphene and metal nanoparticles exhibit a 

synergistic effect, so a low turn-on field, low threshold field, high enhancement factor and good emission 

stability can be obtained. 

In this work, a Cu/graphene composite was fabricated by a one-step method that introduced 

copper metallic particles. The Cu/graphene composite emitters showed a low turn-on electric field and 

high current density. The optimized field emission performance was analyzed and is discussed. 

 

 

2. EXPERIMENTAL 

In this experiment, in order to build the Cu/graphene composite field emitter by one step method, 

the electrophoretic deposition (EPD) technique is adopted and the schematic diagram is presented in 

Figure 1. For preparing electrophoretic solution, analytically pure isopropyl alcohol (IPA) was served as 

the organic solvent. And then 5 mg graphene powder was put into 200 ml IPA. In order to make the Cu2+ 

ions absorbed on graphene sheets surface, the Cu (NO3)2·3H2O at an initial concentration of 1×10
－4M 

was dissolved in IPA. For obtaining the homogeneous graphene electrophoresis suspension, the above 

mixture solution was placed in a sonic bath for 3 h. After cooling down for the graphene electrophoresis 
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suspension at room temperature, the silicon wafer and the Cu sheet were put into the suspension. The Si 

substrate connected to the negative electrode while Cu sheet connected to the positive one, which the 

two electrodes were kept with distance of about 1cm. The deposition process was employed by keeping 

a constant DC voltage of 100 V and the deposition time was maintained in 15 min. Under the electric 

field force, the graphene sheets covered on Cu2+ ions can be driven to move towards the negative 

electrode of Si substrate. When graphene sheets adsorbed by Cu2+ ions arrived at the negative electrode, 

the Cu2+ ions can be reduced to form metallic Cu particles. At the same time, the atoms of Cu sheet could 

lose two negative electrons to form Cu2+ ions and then the Cu2+ releases into the IPA solution. The 

concentration of the Cu+2 in electrophoresis suspension can be kept constant during the EPD process. 

Soon after finishing EPD process, the Cu/graphene composite film on Si substrate is rinsed in IPA and 

deionized water thoroughly, respectively. For getting the strong adhesion with the Si substrate, the 

Cu/graphene samples were annealed at 200–400℃ in nitrogen atmosphere for about 1 h.  

 

 

 
 

Figure 1.   Schematic diagram of the EPD device for fabrication of Cu/GP composite.  

 

In order to characterize and analyze the Cu nanoparticles/graphene composite and pristine 

graphene surfaces morphologies, the scanning electron microscopy (SEM, Hitachi SU-70), transmission 

electron microscope (TEM) and high-resolution transmission electron microscope (HRTEM) were used 

as the tools. The micro-Raman spectrometer was used to characterize the Raman spectra, which were 

recorded in backscattering geometry. The excitation wavelength of the Ar ion laser was 514.5 nm. The 

FE characteristics were tested with the diode structure, which the Cu/graphene composite emitters and 
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a Si substrate were used as the cathode and the anode respectively. During the measurement, the vacuum 

chamber was maintained at a pressure of 1×10−5 Pa at room temperature. Direct voltage was applied to 

the anode and the emission current was also measured at the anode. The emission current was measured 

using an Agilent electrometer (Model 34401A). The cathode was grounded, and the anode was positively 

biased during the measurement process. For short circuit protection, a resistance in series was connected 

in the circuit. For the analysis of the FE behavior, the turn-on field (Eto) and the threshold field (Eth) were 

defined as the electric fields required to produce a current density of 10μA/cm2 and 1mA/cm2, 

respectively. 

 

 

3. RESULTS AND DISCUSSION 

 

Figure 2(a) and (b) show the morphologies of the pristine graphene film on a Si substrate 

fabricated by EPD observed with SEM at low and high magnifications. In the low-magnification image, 

it can be seen that the graphene sheets were attached to the Si substrate. Parts of the graphene sheet tips 

protruded from the Si substate. In the high-magnification image, it can be clearly seen that the edges of 

the graphene were extended from the Si substrate. The extended edges can possess a high aspect ratio. 

These sharp edges can enhance the local electric field and play a key role in electron field emission. 

Figure 2(c) shows an SEM image of the Cu nanoparticle/graphene composite fabricated by the one-step 

EPD method. Many Cu nanoparticles decorated the graphene sheets, and the Cu nanoparticles were 

uniformly distributed on the graphene sheets. In the high-magnification image, we can see that Cu 

nanoparticles that coated on graphene sheets were in the range of 10-40 nm. Prominent Cu nanoparticles 

can magnify the local electric field of the graphene sheets or tips, and they can also act as additional 

emission sites. 

 

 

 
 

10 μm 

(a) 

5 μm 

(b) 
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Figure 2. SEM images of the GP emitter at low (a) and high magnifications (b). SEM images of the 

Cu/GP composite field emitter fabricated by EDP at low (c) and high magnifications (b). 

 

 

The Cu nanoparticles can further connect the graphene sheets with the Si substrate. This 

connection can increase the contact area and decrease the contact resistance, and the contact area 

determines the contact resistance between the Cu nanoparticle/graphene composite and Si substrate. 

Thus, the electrons could be easily tunneled from the interface barrier to emitters [28, 29], which is 

discussed in detail later. 

 

 
Figure 3. Raman spectra of the pristine graphene (a) and Cu/graphene composite (b). 
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Raman spectroscopy was used to characterize the structure and electronic properties of the 

graphene and Cu nanoparticle/graphene composite. Figure 3 shows the Raman spectra of pristine 

graphene and the Cu/graphene composite. The D (1350 cm-1), G (1582 cm-1) and 2D (2700 cm-1) bands 

for both the graphene and composite clearly appeared. The D band shifted, and the intensity of the D 

band for the Cu/composite showed almost no change after the copper metallic particles were introduced 

to the graphene sheets. The copper nanoparticles on the graphene sheets did not cause essential changes 

in the Raman spectrum, which is consistent with the results in previous reports [30, 31]. 

 

 

 
 

 
 

Figure 4. TEM images of the pristine GP (a) and Cu nanoparticle/graphene composite (b) 

 

A TEM image, shown in Figure. 4(a), indicates that the surface of the pristine graphene sheet 

was corrugated and the film was transparent. This TEM image shows that the pristine graphene sheet 

was clear and did not contain other residues. After the one-step fabrication of the Cu 

100 nm 
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nanoparticle/graphene composite, a large number of Cu nanoparticles decorated the surface of the 

graphene sheets and had a size range of 10-40 nm, as shown in Figure 4(b). 

 

 

 
 

Figure 5. HRTEM image (a) and X-ray diffraction (XRD) pattern (b) of the Cu/graphene composite. 

 

 

HRTEM and X-ray diffraction (XRD) were carried out to prove that the Cu particles coated the 

surface of the graphene sheets. The HRTEM image shown in Figure 5a confirmed that the Cu 

nanoparticles had a typical crystalline nature with a lattice spacing of 0.21 nm, corresponding to the 

planes of face-centered cubic (fcc) Cu [32-34]. The Cu nanoparticles made intimate contact with the 

graphene sheets, providing evidence for the formation of Cu/graphene composite heterostructures. 

Therefore, it was verified that Cu2+ ions were reduced to metallic Cu during the EPD process. The XRD 

pattern of the Cu/graphene composite is presented in Figure. 5(b). The dominant peak at 2θ = 24.0° is 

observed, which corresponds to the (002) planes of graphitized graphene. The other three characteristic 

peaks at 2θ=43.5°, 50.8°, and 74.6° correspond to the (1 1 1), (2 0 0), and (2 2 0) planes of fcc Cu, 

respectively [35,36]. The XRD patterns further confirmed the reduction of the Cu2+ ions during the EPD 

process. 

Figure 6 shows the curves of the extracted emission current density versus the applied electric field 

(J–E) for the Cu/graphene composite and pristine graphene. After fabricating the graphene/Cu composite 

by the one-step method that introduces copper metallic particles onto graphene sheets, the Eto was reduced 

from 2.25 to 1.55 V/μm. The Eth at the current density was considerably reduced from 2.86 to 2.45 V/μm. 

The field emission performance of the Cu/graphene composites were improved significantly in comparison 

with that of the pristine graphene. The ln(J/E2) versus 1/E (F-N plots) plots corresponding to the Cu 

nanoparticle and pristine graphene emitters are displayed in the inset of Figure 6. The F-N plots show 

approximately linear behavior, which indicated that the emitting electrons escaped from the surface barrier 

tunneling. 
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Figure 6. J–E curves of the Cu/graphene composite and pristine graphene, and the inset contains the 

corresponding F–N plots. 

 

Field emission characteristics are generally investigated by the Fowler and Nordheim (F-N) theory 

[37]. This model has been extensively used for the electron quantum tunneling mechanism, which 

describes electrons that escape from the cathode material and travel to the anode through a vacuum surface 

barrier under an external electrical field. According to the F-N law, the relationship between the field 

emission current density J and the applied electric field E is presented as follows:  

 

 

 

      

               

(1)                                        

      

where J is the macroscopic emission current density;  is the work function of the cathode 

materials in eV; a and b are constant coefficients of 1.54 × 10-6 A eV V-2 and 6.83× 103 eV-3/2 V-1 μm, 

respectively; η describes the geometrical efficiency of the electron emission; and β is the field enhancement 

factor. β describes the relationship between the applied and local electric field where electron quantum 

tunneling occurs. E is the applied macroscopic electrical field between the cathode and anode, and E 

usually  equals V/d. Here, V and d are the voltage and distance between the cathode and anode, respectively. 

According to the slope of the F-N plot (kFN), we can calculate the enhancement factor β with the following 

equation:   

   

β = b 3/2/kFN                                                                                                                                         (2)                                                                     
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where KFN represents the slope of the F-N plot. The work function for graphene is assumed to be 

equal to that of graphite (5.0 eV). We can calculate the value of KFN for composite and pristine graphene 

from the slopes of the F-N plots. The enhancement factors for the Cu/graphene composite and pristine 

graphene were estimated to be approximately 5600 and 3650, respectively. This β value for the 

composite is higher than that of the pristine graphene. The high field enhancement factor for the 

Cu/graphene composite was concluded to be from the graphene sharp edges and Cu nanoparticles that 

decorated on the graphene. The Cu nanoparticles on the graphene sheets added additional emission sites. 

The Cu nanoparticles formed many raised and sharp tips on the graphene sheets, which resulted in an 

enhanced local field in the raised regions. Therefore, the large β value for the Cu/graphene composite 

enabled easy tunneling of the electrons from the raised regions of the emitters, which resulted in an 

optimized field emission.  

The two crucial parameters for field emission are the work function   and field enhancement 

factor β, where the field emission current density increases with β and decreases with  . However, the 

whole field emission process can also be controlled by the series resistance, especially the interface 

contact and the emitter resistance [38, 39, 29]. We can determine the overall electron field emission 

process from the following factors. During the first step, the electrons cross over the substrate to the 

emitter materials and overcome the contact barrier or resistance between the substrate and the field 

emitter. During the second step, the electrons are transported through the field emitter and finally tunnel 

into the vacuum from the surface of the field emitter. From the above electron transport process, we can 

see that the contact barrier/resistance and resistance of the emitter play a vital role in the field emission 

process. Therefore, we measured the resistances of the Cu/graphene composite emitter and pristine 

graphene using four-probe measurements. The contact resistances between the emitter and substrate 

were also measured by the four-wire measurement method according our previous report on 

Ag/graphene hybrid emitters [40-42]. The pristine graphene resistance and contact resistance were 300 

Ω/sq and 1.5 Ω/mm2, respectively. The resistance and contact resistance for the Cu/graphene composite 

were 245 Ω/sq and 0.32 Ω/mm2, respectively. From these results, we can see that the resistance and 

interface contact resistance were reduced after fabricating the Cu/graphene composite. Thus, as the series 

resistance decreased, the interface between the substrate and composite supplied enough electrons to 

pass through and then tunnel through the surface barrier easily. 

The improvement in the contact resistance between the emitter and substrate by the introduction 

of Cu particles can also be described as follows. The wettability of the graphene was improved by Cu 

nanoparticles supported on the graphene sheets. As the wettability of the graphene increased, the contact 

area between the emitter and substrate increased. Therefore, the contact resistance between graphene 

and the Si substrate was reduced by increasing the contact area with the substrate. 

We can calculate the contact resistance rc from the formula below, where the rc of the graphene 

sheets decorated with Cu nanoparticles is [43]: 

expB
c

B

q
r

qA TS K T

 


   
   
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                                                          (3) 
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where kB and q are the Boltzmann constant and the electric charge, respectively; A* Richardson 

constant; T is the absolute temperature; S is the contact area; and Δϕ is the difference in barrier height. 

The contact area between the graphene and the substrate increases with as the rc of graphene decreases, 

as shown in formula 3. Therefore, the contact resistance rc of the interface between the graphene and Si 

substrate can be determined by the contact area. Based on formula 3 and the experimental resistance 

results of the emitter, it is clear that as the interface resistance decreased, the interface provided additional 

electrons for tunneling. At the same time, as the resistance of the emitter decreased, the emitter also 

provided additional electrons for easy transport. Therefore, as the series resistance decreases, the field 

emission properties can be improved dramatically. 

 

 

 

Figure 7. The emission images of (a) Cu nanoparticle/graphene composite and (b) pristine graphene 

emitters.  

 

Field emission images for the Cu/graphene composite and pristine graphene are shown in Figure 

7(a) and (b), which were obtained at an electrical field of 4.0 V/µm. A bright and high luminance 

intensity can be observed for the Cu/graphene composite emitter. However, for pristine graphene, a low 

luminance intensity and sparse emission dots appeared, as shown in Figure 7 (b). For the Cu/graphene 

composite emitter, the additional emitting sites and low series resistance resulted in an increased 

luminance intensity and improved emitting uniformity. In addition, during the field emission process, 

the Cu nanoparticles protected the graphene emitters from ion bombardment, which can enhance the 

stability of the emission. For the pristine graphene, the limited number of emission sites and the high 

series resistance resulted in poor field emission properties. As we know, a large voltage drop can occur 

due to a high resistance. Therefore, the voltage for electron field emission can be largely decreased. 

Therefore, a low luminance intensity and low number of emission locations were observed for the 

pristine graphene in Figure 7(b). 

In recent years, graphene or carbon nanotube composite field emitters have been fabricated by 

many researchers [44-47] using CVD, chemical synthesis, and magnetron sputtering techniques, for 

example. Table 1 shows the field emission parameters of different carbon-based composite emitters 

(a) (b) 
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fabricated by different methods. From Table 1, it can be seen Cu/Graphene composite emitters that were 

fabricated by EPD exhibited a low turn-on field, low threshold and high field enhancement factor. 

Compared with that for other composite field emitters, our Cu/GP composite emitters have an appealing 

field emission performance, and the fabrication method for our vertical GP edges and tips is 

straightforward. 

 

Table 1. Turn-on fields (V/µm), threshold fields (V/µm) and field enhancement factors for carbon-based 

nanoparticle composite field emitters fabricated by different methods in recent years. 

 

Particles/GP composite             TOF                        TF                               FEF (β)                        Ref.          

Sn/Graphene                         2.1 (10 μA/cm2)      3.9 (1 mA/cm2)              1800                              44 

Cu/Graphene                         1.9(10 μA/cm2)      3.4 (1 mA/cm2)              2600                               27 

SnO2/Graphene                     4.14(1 μA/cm2)       9.4 (1 mA/cm2)              979                                 45 

In/Carbon nanotube              2.0 (10 μA/cm2)      3.9 (1 mA/cm2)              2706                               46  

ZnO/Carbon nanotube          1.5(0.1 μA/cm2)      2.9 (1 mA/cm2)              5741                               47 

Present work                         1.55(10 μA/cm2)     2.45 (1 mA/cm2)            5600                             - 

 

 

4. SUMMARY AND CONCULSION 

In conclusion, the optimized field emission performance of graphene with a low turn-on field, a 

low threshold field and a high field enhancement factor was achieved by a one-step EPD process that 

introduced metallic particles onto graphene sheets. The synergistic effect of the Cu nanoparticles and 

graphene sheets in the Cu/graphene composite resulted in a high field emission current density and 

increased luminance intensity. It was concluded that Cu nanoparticles mainly increased the density of 

the field emission sites and optimized the contact interface resistance and conductivity of the graphene. 

This research indicated that the field emission of graphene could be optimized by Cu nanoparticles, and 

this method could be used for the development of efficient graphene-based composite field emitters. 
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