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We report on simple and general solution-based methodology to support reduced graphene oxide layers (rGO) onto 

micro-spikes engraved on Si to produce high-aspect ratio wrinkles and sharp protrusions. It is observed that, as the 

number of deposited rGO layers is increased the wrinkles density progressively increases complemented with a 

remarkable folding of graphene sheets at the vicinity of the spike tips.  Highly efficient and stable field emission with low 

turn-on fields was observed, attributed to the local enhancement of the electric field at the wrinkled rGO protrusions. The 

ability to produce wrinkled graphene from solution could allow large area deposition providing prospects for the 

development of practical electron sources and advanced devices based on graphene oxide field emitters. The contribution 

of this hierarchical, hybrid film morphology is evaluated and discussed.  

Introduction 

Field electron emission (FE) or also known as cold cathode emission 

is a form of quantum mechanical tunnelling in which electrons pass 

through a barrier in the presence of an electric field. This 

phenomenon is highly dependent on both the material properties 

and the geometry of the cathode; under high vacuum conditions, a 

high aspect ratio emitter produces high field emission currents at 

low applied fields. Research in cathode field emitters known as 

vacuum microelectronics
1
  and recently as vacuum nanoelectronics

2
  

is important for various applications, including electron guns
3
, 

microwave power amplifiers
4
, X-ray tubes

5
, neutralizers for space 

propulsion devices
6
, electron beam lithography

7
 and large-area field 

emission sources such as flat panel field emission displays (FEDs)
8
 .  

A critical parameter for a FE cathode performance is the field 

enhancement factor β, which can be maximized by increasing the 

aspect ratio, β that is proportional to the emitter height over its tip 

radius. Owing to their unique geometries, 1D and 2D 

nanostructures, including nanotubes and nanosheets had attracted 

significant attention for FE applications. Indeed, due to their small 

tip curvatures, ranging from sub-nanometers to few nanometers, 

and relatively long lengths of few microns, the aspect ratio becomes 

increasingly high. As a result, such nanostructures could generate a 

large electric field enhancement capable of obtaining electron 

emission at pretty low applied fields. Currently, there is an 

increasing research interest to develop FE cathodes using 2D 

graphene sheets
9,10

, owing to their outstanding optoelectronic, 

mechanical and chemical properties.  

Among the most promising methods to further increase the 

performance of FE devices is based on the hierarchical development 

of the emitting cathode
11,12

. According to this approach, the 

emitting surface comprises primary microstructures complemented 

with 1D or 2D nanoemitters. As a result the field enhancement 

process is performed in two steps, while the final β obtained is a 

function of the product of the enhancement factors corresponding 

to each step. Although the above approach gave rise to promising 

electron emission properties, there is a lot to be done in order to 

develop large area FE devices based on hierarchical cathodes
11

. 

Here, we report on simple and general solution-based approach to 

produce large area graphene-based hierarchical FE cathodes. It 

should be noted here that typical deposition methods on planar 

substrates give rise to graphene sheets that tend to lie parallel to or 

protruding at small angles from the substrate, thus limiting the 

geometrical field enhancement. Our method is based on drop-

casting of reduced graphene oxide (rGO) nanosheets on forests of 

conical micro-spikes engraved on Si (μSi:rGO). We show that, due to 

their anchoring onto the micro-spike apexes, the rGO nanosheets 

become extensively folded giving rise to high-aspect ratio wrinkles. 

The wrinkled, μSi:GO, cathodes were found to exhibit excellent FE 

performance and stability superior to that of thin-film-type rGO 

emitters prepared on flat substrates. 

 

Experimental Section 

Preparation of the Substrate 

The micro-spike arrays were fabricated by femtosecond (fs) laser 

texturing of n-type Si wafers (resistivity of 2-8 Ω cm) in a reactive 

SF6 atmosphere, as described previously
13

. Following laser 

irradiation, the samples were treated by a 10% HF aqueous solution 

in order to remove the oxide grown on the spikes’ surface.  

Figure 1 shows the different aspect ratio micro-spike arrays, 

obtained after the laser structuring process at different irradiation 
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Figure 1 : Picture of a laser structured Si wafer, showing the processed black microspike area (rightmost part). Representative SEM images of structured areas exhibiting low (LμSi), 

medium (MμSi) and high (HμSi) spike heights are additionally illustrated. The respective irradiation fluence, spike height,tip radius and aspect ratio are also shown. 

fluences. Upon increase of the laser fluence the microspike’s aspect 

ratio increases, while their areal density decreases. In all cases, the 

microspikes are well-separated and perpendicular to the substrate 

surface. 

Preparation of the rGO:μSi Field Emitters 

Graphene oxide (GO) was prepared from purified natural 

graphite powder (Alfa Aesar, ∼200 mesh) according to a 

modified Hummer’s method
14

. Aqueous GO solution (0.5 

mg/mL) was obtained by sonicating specific quantity of GO 

powder in deionized (DI) water for 1.5 h using a bath sonicator 

(Elmasonic S30H). To prepare GO films, GO aqueous solution 

(3 mL) was placed into a beaker (10 mL) together with the 

microstructured Si substrates. Subsequently, the n-butanol 

was poured of on top of the GO solution, thereby forming an 

n-butanol/water interface. GO sheets started accumulating at 

the two- solvent interface, and a continuous GO layer was 

observed to be formed within 30 min. Subsequently, by gently 

removing most of the n-butanol, the GO layer was collected 

onto the Si spikes substrate. This layer coating procedure was 

repeated accordingly to form the 3-, 5-, 7- and 9-layered GO-

coated Si spikes substrates respectively. In particular, for 

FSi:GO sample, GO films were collected over planar Si 

substrates, while for μSi:GO samples, HμSi: MμSi: and LμSi: 

GO, GO layers were collected on laser etched Si substrates 

comprising 3D arrays of high-, medium- and low- aspect ratio 

microspikes respectively. 

Following the GO layers’ deposition the coated substrates 

were exposed to N2H4 (98% Aldrich) vapors at 40°C, for the 

reduction of the GO coating to rGO. In particular, the 

substrates were placed in a perfectly cleaned glass Petri dish 

and then inside a larger glass Petri dish, which contained N2H4 

(10µl).  Subsequently, drops of N2H4 were placed in the space 

between the two dishes, around the small Petri dish. The 

larger dish was covered with a glass lid, sealed with Parafilm 

tape, and placed over a hot plate at 40°C overnight. 

Thereafter, the dish was opened, the substrates were dried 

under a nitrogen stream and heated at 80°C in vacuum. The 

first indication that the reduction process has taken place to 

the material is the change of the colour after the hydrazine 

vapor treatment, from yellowish-brown to metallic grey. 

Details can be found elsewhere
15

. The surface morphology of 

the final coated structures was examined by field emission 

scanning electron microscopy (FESEM JEOL-JSM7000F), both 

before and after the FE measurements. Following the FE 

process, there was no apparent explosive destruction to the 

coating, which can be associated with discharge currents.   

Preparation of the rGO:μSi Field Emitters 

FE measurements were performed under high vacuum conditions (< 

10-
6
 Torr), using the samples as cold cathode emitters in a short - 

circuit protected planar diode system. Details for the experimental 

setup can be found elsewhere
16

 . Current density – electric field (J-

E) curves were taken at the distance between anode-cathode was 

controlled by a stepper motor and found that field emission 

characteristics are not influenced by the anode height. All 

measurements presented here were performed at t=200 μm. 

Several emission cycles were taken in order to verify the stability 

and the reproducibility of the J-E curves. A voltage with variable 

sweep step, supplied by a high voltage (HV) source (PS350-SRS), 

was applied between the anode and the cathode to extract 

electrons. The turn on field, Eto, that is finally measured is the 

average macroscopic field needed to extract 25 pA/cm
2
. The 

emission current was measured using an auto-arranging digital 

Pico-ammeter (Keithley 485) protected against high voltage surges 

by a Metal Oxide Semiconductor- Field Effect Transistor (MOSFET) 
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limiter. The stability of the emission current over time was 

examined by monitoring the evolution of the emitted current 

density over a long time period of continuous operation. 

 
Figure 2: Typical SEM images of rGO:μSi cathodes coated with 1-3 (a,b), 4-6 (c,d) and 7-

9 (e,f) rGO layers. The arrows in a-d indicate the partial coverage of the microarrays by 

rGO sheets, while in e-f indicate the high-aspect ratio wrinkles created within the rGO 

layer as well as the substantial deformation of the rGO layer at the sites of the sharp 

spike tips. 

Results and Discussion 

 

Figure 2 shows typical FESEM images of the rGO:μSi arrays. A 

general observation was that as the number of deposited GO layers 

is increased, the nanosheets progressively formed a wrinkled layer, 

covering the microspikes’ area (Figure 2e,f). In particular, for 1-3 

layers (Figure 2a,b) rGO nanosheets form a conformal layer 

covering the microspikes and the laser induced morphology was 

practically preserved, for 4-6 layers (Figure 2c,d) microspikes were 

partially covered by an discontinuous wrinkled rGO layer and for 7-9 

layers microspikes were completely covered by a continuous 

wrinkled layer (Figure 2e,f).  

Figures 3a and b compares the FE characteristics of the rGO:μSi 

cathodes comprising 3 and 5 rGO layers respectively. Three distinct 

regions are always visible in the J-E data presented in the insets: 

zero emission, field emission and current saturation. The current 

saturation observed at high fields can be attributed to either 

resistive heating or high contact resistance effects. A similar 

saturation effect had been observed in carbon nanotube (CNT)-

based field emitters and is explained in terms of heating of the CNT 

tip as a rate-limiting step in the high field region
17

.  The high current 

densities reached in this region give rise to considerable heating of 

the rGO wrinkles and failure of the emission sites. Alternatively, a 

high rGO:μSi contact resistance may lead to inefficient electron 

supply at the maximum attainable current from the conduction 

band of Si that limits the emission current at high fields
18

.  

For the study of the FE data we adopted the Fowler-Nordheim (FN) 

analysis of field-assisted tunnelling, which is widely used to describe 

the relationship between the current density J and the local field at 

the emitter Eloc, which is usually related to the average field E as 

follows: 

loc

V
E E

d
β β= =     (1) 

Where V is the voltage bias, d is the inter-electrode spacing and β is 

the geometric field enhancement factor. Within this frame the FN 

law is expressed as 

 ( )2 exp FN
b

J A E
E

β
β

 
= − 

 
 (2) 

where A=1.54×10-6 A eV V
-1

 is constant which depends on the 

surface structure
19

, bFN=0.94BΦ
3/2

 with B=6.83×10
7
 V cm

-1
 eV

-3/2
, 

while Φ is the work function of the material in eV. Figures 3a and b 

show the respective FN plots. The corresponding field enhancement 

factors can be determined by fitting the linear part of the data, 

following Equation (2), assuming a typical work function for rGO of 

5.0 eV
20

.  It can be observed that the β value calculated for the 

medium and high aspect ratio rGO:μSi cathodes is higher than the 

best uncoated, HμSi array. Furthermore, as the microspike aspect 

ratio is increased, the emission threshold decreases. More 

importantly, for the same type of μSi:rGO cathode, the Eto 

decreases, while β remains constant or increases, as the number of 

deposited rGO layers is increased. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 3: FN plots of rGO:μSi cathodes with a) 3 and b) 5 rGO layers deposited onto μSi 

substrates with different spike aspect ratios shown in the legend and defined in the 
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text. The Insets present the respective logarithmic plots of current density-field (J-E) 

emission characteristics. 

 
Figure 4 : Typical cross-sectional SEM images of rGO:HμSi cathodes coated with 3(a,b), 

7(c,d) and 9(e,f) rGO layers. The arrows in a-b indicate the partial coverage of the 

microarrays by rGO sheets, while in c-d indicate the high-aspect ratio wrinkles created 

within the rGO layer as well as the substantial deformation of the rGO layer at the sites 

of the sharp spike tips. 

The observed enhancement of the FE performance may be 

attributed to the gradual formation of high aspect ratio wrinkles 

(Figure 2c,e) within the graphene coating area, as the number of 

deposited rGO layers is increased. Besides this, high magnification 

SEM images (Fig. 2d,f, arrows) reveal that graphene layers become 

remarkably folded at the microspike tip sites. This effect is more 

pronounced in the case of rGO:HμSi cathodes, possibly due to the 

higher aspect ratio of the spikes and smaller tip radii. Our results 

comply with theoretical predictions, showing that electrons are 

easily emitted from the graphene wrinkles
21

.  

Based on the above observations, we focused on the development 

of rGO:HμSi-based FE cathodes, fabricated by depositing an 

increasing number of rGO layers (1-9 layers) onto the highest aspect 

ratio,  HμSi, substrates. Figure 4 depicts representative FESEM 

images of the fabricated cathodes, which confirms the progressive 

formation of wrinkles and the remarkable deformation of graphene 

sheets at the vicinity of the spike tips (Figure 4d, arrows).However, 

it is observed that after a certain number of deposited layers, the 

number density of wrinkles becomes lower, while the sheet 

deformation at the spike tips is less pronounced (Figure 4e and f, 

arrows). In this case, the entire rGO film becomes too thick and thus 

it may be mechanically unfavorable to be folded to form wrinkles. 

The corresponding FE characteristics are presented in Figure 5, 

while Table I summarizes the calculated FE parameters Eto and β. It 

is clear that the FE performance complies with the characteristics of 

wrinkles formation; therefore it is enhanced as the number of rGO 

increases from 1 to 7, when the wrinkle density progressively 

increases, until it is deteriorating again upon further deposition of 

rGO layers, when the wrinkling effect becomes less pronounced. 

Figure 5 indicates that the best performance is attained for the 

cathode fabricated using 7 rGO layers. In this case Eto becomes as 

low as ~1.3 V/μm which is comparable to the best rGO field 

emitters reported to date
13,22,23

.  Interestingly the lower part of the 

FN plot of this cathode displays a nonlinear relation between 

ln(J/E
2
) versus 1/E (Figure 4b, blue symbols). This is different from 

the emission behavior exhibited by the rest of the cathodes tested. 

Indeed, the low and intermediate fields part of the FN plot can be 

sectioned into two regions of linear behavior. This behavior of the 

FN plot was observed to be reproducible for all the cathodes of the 

same type tested. The calculated β values from the slopes of the 

two linear sections are βlow=4819±132 and βint=1502±86 

respectively. The observed nonlinearity may be attributed to the 

saturation of the conduction band current and predominance of 

valence band current at higher field values
24

. 

It may also be explained by the increasing number of emission sites 

with increasing applied voltage
10

. Further experiments are currently 

in progress to clarify the emission mechanism of wrinkled rGO 

supported on μSi arrays. It is also necessary to theoretically 

investigate the quantum tunneling mechanisms associated with the 

enhanced field emission from rGO sheets with nanometer scale 

wrinkle protrusions. 

 The stability of the FE current over time is crucial for device 

applications. Figure 6 presents the evolution of the emission 

current density at constant field over a long period of continuous 

operation for the best emitting sample rGO:HμSi compared to the 

uncoated HμSi array. It can be observed tha the FE current emitted 

from rGO:HμSi cathodes remained stable over more than 35 hours 

of continuous operation. On the contrary, the emission current for 

the uncoated HμSi arrays dropped dramatically within a few hours.

Table I: Field emission properties of FE cathodes fabricated by depositing different number of rGO layers onto HμSi substrates, defined in 

the text. The ± values denote the standard deviation of each measured or estimated quantity. 

Number of 

layers  
0 1 3 5 7 9 

Eto (V/µm) 5.8±0.1 4.9±0.1 3.7±0.1 1.75±0.1 1.3±0.1 1.8±0.1 

β 58±8 74±11 161±24 566±65 
βlow=4819±132 

βint=1502±86 
395±51 
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Figure 5 : (a) J-E characteristics of the cathodes prepared by depositing different 

number of rGO layers onto HμSi arrays;  (b) The respective FN plots of the FE 

characteristics shown in (a). 

 

Figure 6: Emission current stability over time at a constant field for the bare HμSi and 

the 7-layered rGO:HμSi cathode. 

Conclusions 

In conclusion, a simple and general solution-based 

methodology for the fabrication of wrinkled rGO cathode field 

emitters has been demonstrated. When an aqueous solution 

of rGO is deposited on Si micro-spikes, the rGO sheets are 

wrinkled and are substantially folded by the sharp spikes tips. 

It is shown that this methodology leads to rGO field emitters 

with low threshold field and remarkable stability. The ability to 

deposit wrinkled rGO sheets in large-scale will allow 

fundamental studies as well as shed light on technologically 

vial route to exploiting the unique 2D structure for 

applications. 
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