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 ABSTRACT 

The work function (WF) of graphene is an essential parameter in graphene

electronics. We have derived the WF of graphene by the thermionic emission 

method. Chemical vapor deposition (CVD)-grown single-layered polycrystalline

graphene on copper foil is transferred to a cross-stacked carbon nanotube (CNT)

film drawn from a super-aligned multiwalled CNT array. By decreasing the 

pore size of the CNT film, the as-prepared CNT-graphene film (CGF) can be 

Joule heated to a temperature as high as 1,800 K in vacuum without obvious 

destruction in the graphene structure. By studying the thermionic emission, we

derive the WF of graphene, ranging from 4.7 to 4.8 eV with the average value 

being 4.74 eV. Because the substrate influence can be minimized by virtue of the 

porous nature of the CNT film and the influence of adsorbents can be excluded

due to the high temperature during the thermionic emission, the measured WF

of graphene can be regarded as intrinsic. 

 
 

1 Introduction 

As a one-atom thick two-dimensional film of carbon, 

graphene has become extremely attractive owing to 

its high carrier mobility [1, 2], superior thermal 

conductivity [3–5], and interesting physics [6, 7]. 

Researchers have also proposed many applications 

for this monolayer carbon film, such as field effect 

tunneling transistors [8, 9], optical modulators [10], 

transparent electrodes for touch panels [11] and 

organic solar cells [12]. In all such graphene electronics, 

the work function (WF) is a fundamental parameter 

that will influence the performance of the devices. 

In previous work, several methods, including 

scanning Kelvin probe microscopy (SKPM) [13–15], 

scanning tunneling microscope (STM) [16], low-energy 
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electron microscope (LEEM) [17], and angle-resolved 

ultraviolet photoelectron spectroscopy (ARUPS) [18–20], 

have been used to determine the WF of graphene. 

However, the reported values vary from 3.7 to 5.2 eV. 

As has been pointed out in literatures [17, 20–23], two 

factors will definitely influence the measurement of 

WF. The first one is the interaction between graphene 

and the substrate. Even for multi-layered graphene, 

the electronic structure of the graphene changes with 

the layer number as shown by the angle resolved 

photoelectron spectroscopy (ARPES) results [22–24]. 

Therefore, it is best to suspend a single-layered 

graphene to get its intrinsic WF. The other factor is 

the absorbents, which will influence the accuracy   

of the WF measurement [21, 25]. A method that can 

eliminate the effect of adsorbents is still desired. 

The first requirement is difficult to satisfy because 

of the fragility of single-layered graphene. Thus most 

of the studies about graphene still focus on samples 

on a substrate like a silicon wafer. We have recently 

demonstrated a carbon nanotube (CNT)–graphene 

hybrid film (CGF) [26], which utilizes a super-aligned 

CNT film as a porous support for graphene, can give 

large area single-layered graphene suspended on the 

porous CNT network. Due to the porous nature of 

the CNT network support, most of the graphene can be 

regarded as being suspended. As a result, the substrate 

influence can be minimized in such a structure.   

The second requirement can be fulfilled using the 

thermionic emission method, in which the adsorbents 

can be removed automatically due to the high 

temperature during emission. Because CNT films can 

be heated to incandescence and their WF has already 

been studied with the thermionic emission method 

[27], the CGF will be a suitable choice for thermionic 

emission experiments. 

In this work, the WF of graphene was measured 

with the CGF sample by the thermionic emission 

method. It is found that by decreasing the pore size 

of the CNT network support, the graphene can keep 

its structural integrity at high temperatures. Scanning 

electron microscopy (SEM) and Raman spectroscopy 

indicate that the graphene structure in CGF has no 

significant difference before and after annealing. With 

a symmetric anode structure, the WF of graphene 

and the CNT film can be measured separately at the 

same time. The WF of graphene ranges from 4.7 to 

4.8 eV, with the average value being 4.74 eV. The WF 

of graphene measured in this work is regarded as 

being close to the intrinsic value. 

2 Experimental 

The graphene we used was synthesized by chemical 

vapor deposition (CVD) on polycrystalline copper foil 

[28] with a macroscopic size on the order of several 

square centimeters. Figure 1(a) shows a SEM image 

of the as-grown graphene on copper foil. The Raman 

spectrum excited by a 514 nm laser is shown in 

Fig. 1(b), in which the 2D peak is roughly four times 

more intense than the G peak, verifying that the 

surface is covered predominately by single-layered 

graphene [29]. The negligible intensity of the defect- 

induced D peak shows the good quality of the sample. 

 

Figure 1 (a) SEM image of the CVD-grown polycrystalline 
graphene on copper foil. (b) Raman spectra excited by 514 nm 
laser of the as-grown graphene on copper foil. 
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Continuous CNT thin films are directly drawn out 

from super-aligned multiwalled CNT array, as has been 

shown in the previous several fascinating applications 

[30, 31]. The CNT film is ultra-thin, transparent, con-

ductive and flexible. It is also very stable under Joule 

heating to incandescence and therefore is applicable to 

thermionic emission experiments [27, 32]. Furthermore, 

the CNT is composed of the same atoms and lattice 

structure as graphene. It will not form strong dipole 

interactions with graphene, and together with its 

porous nature, should have a minimal influence on the 

graphene WF compared with other substrates [20]. 

The graphene is transferred to the CNT film and form 

a hybrid CNT-graphene film (CGF). The integrity of 

graphene at the scale of several square centimeters can 

be sustained. In addition, the transfer process does not 

introduce the polymers such as polymethylmethacrylate 

(PMMA) or polydimethylsiloxane (PDMS) which are 

commonly used in conventional processes [33, 34], 

resulting in the graphene surface being very clean 

without polymer contamination. Figures 2(a) and 2(b) 

show the SEM images of the CGF with two-layered 

CNT film from the graphene and CNT side separately. 

It can be found that graphene covers one side of the 

CNT film (Fig. 2(a)), causing the CNT under to be 

dim(Fig. 2(a)). In figure 2(b), the graphene can also be 

seen through the pore on CNT network. 

As we have mentioned above, to study the 

thermionic emission of the graphene, the sample must 

be able to withstand the high temperature during the 

emission. It is found that the number of CNT layers   

is a key factor in ensuring the graphene retains its 

structural integrity. Figures 2(c) shows the CGF with 

two-layered CNT films after being heated to incan-

descence. The graphene breaks down into small pieces 

left on the skeleton of CNT network. It is found that 

the graphene pieces on the small pores can stay there 

regardless of the annealing time. The reason for   

the breakdown of graphene probably lies in the 

discrepancy between the coefficient of thermal 

expansion (CTE) of the CNT film and graphene. The 

CTE of graphene is reported to be much smaller than 

that of CNT [35–39], and actually it is negative at 

room temperature [36, 38, 39]. Thus the graphene 

will suffer a tension force during the heating process, 

causing the appearance of some cracks where defects 

and grain boundaries exist (Fig. 2(f)). These cracks 

will lead to the breakdown of the graphene on large 

pores in the two-layered CNT film (Fig. 2(b)), while the 

extension of the cracks can be confined on the small 

pores. [26]. When we adopted an eight-layered CNT 

film as the substrate which has much smaller pore 

 

Figure 2 The SEM images of CGF: (a) graphene on two-layered CNT film observed from the graphene side; (b) graphene on two-
layered CNT film observed from the CNT side; (c) graphene on two-layered CNT film observed from the graphene side after annealing 
at a temperature of 1,800 K; (d) graphene on eight-layered CNT film observed from the graphene side; (e) graphene on eight-layered 
CNT film observed from the CNT side; (f) graphene on eight-layered CNT film observed from the graphene side after annealing at 
1,800 K for 4 hours. 
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size (Figs. 2(d)–2(f)), it was found that the graphene 

can retain its structure integrity even after high 

temperature annealing for four hours in spite of the 

appearance of some small cracks (Fig. 2(f)). 

When the CGF being heated to incandescence, 

obvious thermionic emission current can be detected. 

Figure 3(a) shows the image of CGF being heated to 

incandescence. The red curve in Fig. 3(b) shows the 

current–voltage (I–V) curve when we used a single 

anode to collect the emission current from the graphene 

side. There are some steps (the arrow) on the curve 

and the current seems to be unsaturated even when 

the voltage is as high as 400 V. This unsaturation  

can be attributed to the electrons emitted from the 

CNT side, which will be collected from the graphene 

side at high anode voltages. It will influence the WF 

measurement. Therefore, a two-sided symmetric 

anode structure was adopted to collect the thermionic 

emission current from both sides separately. The 

arrangement is schematically illustrated in Fig. 3(c). 

Two pieces of indium tin oxide (ITO) glass are 

symmetrically placed as anodes to collect the 

thermionic emitted electrons. The CGF is Joule heated 

across two copper electrodes, which are fixed with a 

spacing of 3 mm. Figure 3(d) shows the corresponding 

schematic electric circuit. The same voltage is applied 

to both ITO anodes synchronously. The blue line in 

Fig. 3(b) is the I–V curve of the CGF collected from 

the graphene side using the symmetric anode structure, 

showing a long accelerating field region, fitted well 

with the Schottky effect [40, 41]. To prove that the 

anode on the graphene side only collects the emission 

current from graphene, several samples of pure CNT 

films and CGFs of the same size were tested with the 

symmetric anode structure. As shown in Fig. 4, the 

thermionic emission currents collected from the CNT 

side of CGF and those of pure CNT films are all almost 

the same, with the difference being no more than 5%. 

This demonstrates the reliability of the symmetric 

anode structure. Meanwhile, as Fig. 4 shows, the 

emission current collected from the graphene side of 

CGF is about 25%–30% larger than that from the CNT 

side. The reason for this may lie in the difference in 

emission areas between the CNT films and graphene. 

More discussion of this can be found in the Electronic 

Supplementary Material (ESM). 

 

Figure 3 (a) Optical image of the heated CGF. (b) I–V curves of the thermionic emission of the CGF collected from the graphene side
using a single anode (red line) and a symmetric anode (blue line). (c) Three-dimensional illustration of the testing structure. (d) Schematic
electronic circuit of the experiment. 
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Figure 4 Thermionic emission current collected from CNT side 
of the CGF (blue triangles); graphene side of the CGF (green 
inverted triangles); front (red circles) and back side (black squares) 
of pure CNT films at different temperatures. The anode voltage is 
500 V for all samples. 

3 Results and discussion 

The temperature was obtained by fitting the optical 

spectra in the visible light range with Plank’s law of 

black bodies. According to the Schottky effect [40, 41], 

the zero-field current I0 at different temperatures can 

be derived from the ln(Ia) vs. U1/2 curves, where Ia is 

the current collected by the anode and U is the anode 

voltage. Then, according to Richardson’s formula [41], 

the WF can be derived from I0 and the temperature. 

The theory and the detailed method are discussed in 

the ESM. 

To get an obvious thermionic emission current,  

the measurement temperature was set from 1,500 to 

1,800 K. We first measured the WF of a pure CNT film 

with the symmetric anode structure. Five samples 

were measured. The WF of the CNT film is in the range 

4.77 eV ± 0.07 eV. Note that the CNT films in this 

experiment are shrunk and have no protruding tips 

with lower WF, and the result is in good accordance 

with previous measurements in the literature [27, 32, 

42]. The difference in WF between the two sides of 

the CNT film ranges from 0.03 to 0.15 eV. Therefore, 

if the WF difference between the two sides is less than 

0.15 eV, it cannot be distinguished in our experiment.  

Figure 5(a) shows the typical ln(Ia) vs. U1/2 curve and 

the ln(I0/T 2) vs. 1/T plots for the graphene samples we 

have measured. The WF value is derived from the 

slope of the linear fitting curve of the dots in Fig. 5(b). 

The good linearity of the plot indicates the accuracy 

of the measurements. The WF of graphene lies in  

the range of 4.7 to 4.8 eV, with an average value of 

4.74 eV ± 0.04 eV (Fig. 6(a)). The error bar of each data 

point in Fig. 6(a) is the Type A uncertainty determined 

by the standard deviation of the linear fitting of the 

ln(I0/T2) vs. 1/T curve. The uncertainty of the average 

value is obtained by the law of propagation of 

uncertainty [43]. This uncertainty represents the 

random error of our experiment. The frequency 

distribution of the WF of graphene is presented in a 

histogram in Fig. 6(b), in which the most probable 

result is exactly the average value, indicating good 

statistical consistency of our experimental results. 

Meanwhile, the WF derived from the CNT side is 

4.78 eV ± 0.05 eV. This is in good accordance with  

the measured value of pure CNT films, verifying the 

reliability of the measurements. 

 

Figure 5 (a) Typical ln(Ia) vs. U1/2 curve for the graphene on 
CNT film samples we have measured. The straight lines represent 
the linear fit in an accelerating field. (b) A plot of ln(I0/T

2) vs. 1/T 
(black dots) and its linear fit line (the red line). Here I0 is the 
zero-field current, Ia is the current collected by the anode and U 
is the anode voltage. 
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In addition to the SEM images shown in Fig. 2, 

Raman spectra of graphene before and after annealing 

also proved its structural integrity. Figure 7 shows the 

Raman spectra of pure CNT films, and CGF before 

annealing and after annealing. As shown in Table 1, 

the spectra of CGF before and after annealing both 

show much higher 2D/G peak height ratios and 

lower D/G ratios than pure CNT films. This indicates 

the presence and integrity of graphene on CGF both 

before and after annealing [29]. Since graphene is 

ultrathin and optically transparent, the CNT under 

the graphene will influence the Raman spectra of 

graphene, resulting in the reduction of the 2D/G ratio 

of CGF to lower than 4:1 (the typical characteristic 

value for monolayer graphene [29]). After annealing, 

the 2D/G ratio is slightly decreased and the D/G ratio 

is slightly increased. This possibly originates from 

the small cracks which appear after annealing. 

 

Figure 7 Raman spectra of pure CNT films as well as the CGF 
before and after annealing at a temperature of 1,800 K for 4 hours. 
The excitation laser is 514 nm and the spectra are normalized by 
the intensities of the G peaks. 

Table 1 The 2D/G and D/G ratios in the Raman spectra of pure 
CNT films, CGF before annealing and CGF after annealing 

Raman  
peak ratio 

CGF before  
annealing 

CGF after  
annealing 

Pure CNT 
film 

2D/G 1.52 1.31 0.68 

D/G 0.31 0.37 0.61 

 
One concern about the graphene on CNT film is 

whether it retains its intrinsic electronic properties. 

An important factor that will influence the electronic 

properties is substrate-induced doping. Due to the 

porous nature of the CNT substrate, its interaction with 

graphene is weak. Furthermore, the band structure of 

CNT means that its Fermi level is almost the same as 

that of graphene. Hence the doping level of graphene 

on CGF should be low. Experimentally, the doping 

level will influence the position of the Raman G and 

2D peaks [44]. The position of the Raman G peak of 

the CGF is 1,583.7 cm–1, and that of the 2D peak is 

2,684.7cm–1, which are very close to the values for the 

undoped state [44]. Another factor that will modify 

the WF of graphene is the strain [45]. According to 

theoretical and experimental studies of the CTE of 

graphene and CNT [35–38], it is estimated that the 

strain in graphene on CGF is no more than 1.5% 

during the heating process to 1,800 K (see the ESM for 

details of the estimation). The concomitant change in 

WF should be less than 0.1 eV [45], which is within 

the error range of our measurements. Though the 1.5% 

strain does not significantly alter the WF, it is sufficient 

to tear up the polycrystalline graphene along the grain 

boundaries, as has been demonstrated by strain tests of 

polycrystalline graphene in previous papers [26, 46, 47]. 

 
Figure 6 (a) Derived WF of graphene of different samples. (b) Histogram of the measured WF of graphene. 

 
Figure 6 (a) Derived WF of graphene of different samples. (b) Histogram of the measured WF of graphene. 
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4 Conclusion 

By transferring CVD-grown graphene to a crossed 

CNT film, we have measured the WF of graphene by 

the thermionic emission method. The measured WF 

of graphene ranges from 4.7 to 4.8 eV with the average 

value being 4.74 eV ± 0.04 eV. The weak interaction 

due to the porous nature of the CNT film substrate 

and the adsorbent-free measurement conditions mean 

that the measured WF of graphene should be close to 

its intrinsic value. In addition, we also demonstrate that 

the large area polycrystalline graphene still exhibits an 

amazing thermal stability after annealing at 1,800 K 

for more than 4 hours. This suggests it may be used as 

a replacement for conventional thermionic cathodes.  
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