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  1   .  Introduction 

 Field emission electron sources [  1–3  ]  are widely employed in health 
care and border control technologies and are critical elements 

in displays, [  4  ]  X-ray sources, [  5,6  ]  and com-
munications devices such as travelling 
wave tubes [  7  ]  and microwave amplifi ers. [  8  ]  
To date, primarily due to their simplicity, 
diode-type fi eld emitters have been widely 
adopted. However, such geometries cannot 
fi nely modulate the electron beam current 
and the rapid modulation of high voltages 
has proven to be particularly challenging. 
In diode setups, the magnitude of the 
emission current is determined either by 
regulating the high voltage power supply, 
through the use of complex and often bulky 
electronics, which unavoidably adjusts the 
landing energy of the liberated electrons, or 
by adjusting the inter-electrode gap which 
requires cumbersome mechanical con-
trols. The addition of an inter-cavity, gate 
electrode, to create a triode confi guration, 
allows accurate and rapid control over the 
emission current without such restraints. 
Since the gate-cathode separation is much 

less than that of the anode-cathode, triode arrangements permit 
comparatively small gate biases (typically < 0.5 kV) to exert signif-
icant control over the emitted current, thereby offering one pos-
sible route toward miniaturization and the development of truly 
portable fi eld emission electron sources. Nevertheless, it is critical 
that the electron transmission of the gate be very large in order 
to reduce leakage and increase performance. The most com-
monly adopted approach here is to use widely pitched metallic 
grids as the gate electrode. [  9,10  ]  However, if the grid pitch is overly 
large the gate fi eld-effect is signifi cantly reduced, for a given gate 
voltage, and the functionality is thus compromised. Conversely, 
if the pitch is too low then the electron transmission effi ciency 
is reduced, resulting in unacceptably low anode currents. A low-
pitch, yet electron transparent gate is evidently desirable. 

 Herein, we present a hybrid gate structure based on elec-
tron transparent free-standing graphene, integrated into a 
nanocarbon triode fi eld emission electron source. Owing to its 
outstanding optoelectronic, mechanical, and chemical proper-
ties, graphene has been found to be attractive for many applica-
tions, from fi eld effect transistors, [  11,12  ]  to fl exible transparent 
electrodes, [  13,14  ]  and display devices. [  13,15–18  ]  Graphene, however, 
is perhaps best suited for applications requiring transparent 
conductive electrodes where high transparency across a broad 
energy range and low sheet resistance, which ensures negli-
gible parasitic charging, low RC time constants, and high band-
width pulsed operation, are essential. [  19–23  ]  Graphene, a single 
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apertures. In this study, a bilayer material was opted for due 
to its reduced sheet resistance, relative to our monolayer fi lms, 
whilst simultaneously offering a thickness less than the crit-
ical screening length. The hybrid gate exploits the concurrent 
high electrical conductivity and electron transparency of the 
graphene. High electrical conductivity minimized potential 
drops across individual apertures. This reduces the inter-cavity 

atom thick two-dimensional crystalline lattice of hexagonally 
arranged hybridized sp 2 -bonded carbon atoms, can be trans-
ferred to and, with recent advances in chemical vapor deposi-
tion, grown on arbitrary substrates with relative ease. [  24  ]  Though 
graphene derivatives have shown excellent electron transpar-
ency and resilience toward high energy electron beams, [  25  ]  the 
suppression of secondary electron and backscattered emission 
is critical to ensure high beam currents and negligible loses. 
Graphitic nanocarbons, and graphene in particular, are low-Z 
materials and have one of the lowest secondary electron and 
backscattered electron yields reported to date which, in the case 
of graphene, is a consequence of its linear dispersion. Subse-
quently, graphitic nanocarbons are near ideal electron emitters 
and electron transparent media. [  26  ]  To the best of the authors’ 
knowledge, no studies have hitherto considered the use of gra-
phene as a gate electrode material. 

 In this work, we have investigated the electron transparency 
of chemical vapor deposited graphene and its functionality as 
a gate electrode in a nanocarbon triode fi eld emission electron 
source. We show that, for typical triode operating conditions, 
our hybrid graphene gates have measured electron transmis-
sion effi ciencies between 50–70%, some 30–50% higher than 
traditional metal grid gates, with the graphene presenting an 
effective transmission effi ciency of 97.1%. We reveal a reduc-
tion in triode driving voltages which we rationalize by an 
increase in uniformity in the gate electric fi eld distribution. We 
also report on the positively augmented profi le of the emergent 
electron beam that shows an angular dispersion of 87.9 °  (ideal 
case  = 90 ° ): a measured improvement of some 12.3  °   relative to 
the uncoated gates, coupled with a measured 63% reduction in 
beam diameter, both of which make our graphene hybrid gates 
well-suited for micro-focus applications. Finally, we empirically 
detail the electron beam resilience of our graphene, confi rmed 
over many-hour lifetime tests, whilst demonstrating the excel-
lent temporal stability (<1% variation) of our graphene gate 
nanocarbon triodes.  

  2   .  Results and Discussion 

  2.1   .  Graphene Gate Characterization 

  Figure    1  a illustrates the structure of the graphene gate hybrid 
nanocarbon triode. Graphene was synthesized by chemical 
vapor deposition (CVD) and transferred using poly-methyl 
methacrylate (PMMA), as described in detail elsewhere, to 
laser-patterned Mo grids (see Experimental Section). [  22  ]  Typical 
scanning electron images of a fabricated gate are shown in 
Figures  1 b. PMMA-mediated transfer did not degrade the gra-
phene, as determined by Raman spectroscopy (2.71 eV) before 
and after transfer. The Mo support was critical to ensure struc-
tural rigidity of the gate. The effective macroscopic sheet resist-
ance of the Mo/graphene hybrid was also very low (hundreds 
of  Ω  sq −1 ) compared to the as-grown graphene (k Ω  sq −1 ). An 
electric fi eld screening length of 1.2 nm has been suggested in 
graphite. [  27  ]  Graphitic membranes thinner than this (approxi-
mately 3–4 graphene layers) permit a uniform electric fi eld 
distribution whilst maintain continuity across the individual 

      Figure 1.  a) Schematic illustration of the nanocarbon fi eld emission 
triode structure depicting the phosphor/ITO/glass anode (biased at  V  a ), 
the graphene hybrid gate electrode (biased at  V  g ), and a grounded carbon 
nanotube fi eld emitting cathode. b) Scanning electron image of a typical 
hybrid gate electrode (scale bar: 100  μ m). Insert: Magnifi ed scanning 
electron micrograph of a single aperture showing complete coverage 
(scale bar: 20  μ m). c) 1.96 eV (red), 2.33 eV (green), 2.71 eV (blue) 
Raman spectra showing crystalline (< I  D / I  G  >   =  0.20  ±  0.16, <Γ 2D  >   =  66.6 
 ±  1.5 cm −1 ) nominally bilayer layer graphene (< I  2D / I  G  >   =  0.75  ±  0.10). 
Spatially resolved 2.33 eV Raman spectra of a rectangular-grid supported 
bilayer graphene showing d)  I  D / I  G  (< I  D / I  G   >   =  0.30  ±  0.08) and e) I 2D /I G  
(< I  2D / I  G  >   =  0.75  ±  0.29) (scale bar: 20  μ m). Note that transfer to circular 
apertures was found to be more reproducible and as such were employed 
herein. Insert: Optical image of a single aperture (scale bar: 40  μ m). f) A 
typical select area electron diffraction pattern showing turbostratic bilayer 
graphene with an inter-plane rotation of 11 ° . g) Cross-section high resolu-
tion transmission electron image showing bilayer graphene with a thick-
ness of 0.73 nm. 
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diffusion, and radiation-induced diffusion. [  37–39  ]  Conversely, 
extremely low energy electrons (<0.1 keV) have been experi-
mentally demonstrated, in low energy electron holography, to 
traverse membranes of graphene and various graphene-deriv-
atives, such as graphene oxide and “ultrathin carbon”, with 
effi ciencies in excess of 73% for monolayer graphene, 55% 
for bilayer graphene, and 30% for trilayer graphene. [  35,36,40,41  ]  
 Figure    2   shows Monte Carlo (MC) simulations and the meas-
ured electron transmission effi ciency (  η  ) for mono and multi-
layer graphene, that we have classically validated by:

I(d) = I0e−d/8(E )
  (1)     

 where  I ( d ) is the transmission effi ciency as a function of dis-
tance,  d ,  I  0  is the initial beam intensity, and   λ  ( E ) is the mean 
free path of an electron accelerated to a kinetic energy,  E . The 
electronic inelastic mean free path in graphite is  > 1.0 nm for  E  
 >  0.5 keV, with an approximate penetration depth   Δ   (in  μ m), as 
indicated by the Kanaya-Okayama formalism:

= 0.0276AE 1.67/ Z 0.86ρ  (2)     

 where  A  is the atomic weight,   ρ   is the density, and  Z  is the atomic 
number. For graphitic carbon   Δ    ≈  9.8 nm ( A   =  12.011 g mole −1 , 
 Z   =  6,   ρ    =  2.26 g cm −3 ), which is equivalent to approximately 
28 graphene layers. As shown in Figure  2 , our models approxi-
mately 0.2 keV is required to penetrate pristine monolayer gra-
phene with   η    >  95%, whereas around 0.2 (0.3) keV is required 
for pristine bi- (tri-) layer graphene to achieve   η    ≈  70%. For 
clarity, the insert shows the variation in electron transmission 
with layer number at 0.25 keV, 0.50 keV, and 0.75 keV. For 

gate-cathode RC time constant, where R denotes the graphene 
sheet resistance, thereby facilitating high bandwidth operation. 
The increase in uniformity of the gate electrodes electric fi eld 
distribution manifests as a reduction in triode turn-on voltage, 
a highly collimated electron beam with uniform spread, and 
extremely stable emission in a miniaturized nanocarbon triode 
that is inexpensive and well-suited for applications such as port-
able micro-spot X-ray sources.  

 To elucidate the electron transparency of the CVD graphene, 
and the consequent functionality of the nanocarbon fi eld emis-
sion triode, a detailed understanding of the material properties 
of the graphene is critical. UV-Vis transmission spectroscopy 
measurements (performed on quartz-supported graphene) 
showed a 550 nm transparency of  ≈ 4.5%, signifying bilayer 
material. [  23,28  ]  Figure  1 c shows typical polychromatic Raman 
spectra acquired at 2.71 eV, 2.33 eV, and 1.96 eV for a CVD 
graphene sample supported on rectangular-aperture TEM 
grids. The position and blue-shift dispersion behaviour of the 
2D-peak ( ≈ 2675 cm −1 ) is indicative of turbostratic alignment 
(data not shown). [  29  ]  The ratio of the disorder induced D-peak 
( ≈ 1350 cm −1 ) to the fi rst-order zone boundary phonon mode 
induced G peak ( ≈ 1580 cm −1 ), namely the I D /I G , was 0.30  ±  0.08 
whilst the  I  2D / I  G   =  0.75  ±  0.29 (2.33 eV). Raman mapping of the 
 I  D / I  G  ratio across entire apertures ( ≈ 8  ×  10 3   μ m 2 ) indicated that 
the graphene was approximately 1.6% monolayer and  > 98.2% 
bilayer, which was independently corroborated by contrast 
optical microscopy on Si/SiO 2  (300 nm) supported samples. 
Additional evidence for the number of layers in the CVD-syn-
thesised graphene used herein is gleaned from further detailed 
Raman analysis. The blue-shift in the D, G, and 2D disper-
sion (52.0, 6.8, and 108.2 cm −1 eV −1 ) strongly suggests a bilayer 
material, as substantiated by the fi ndings in the literature. [  30  ]  
Cross-sectional high resolution transmission electron micros-
copy independently confi rmed the bilayer nature of the fi lms 
evidencing a thickness of 0.73 nm (Figure  1 g), whilst select-
area electron diffraction hinted at turbostratic stacking with an 
inter-layer rotation of 11 °  (Figure  1 f). The 1.95 eV 2D-peak was 
well-fi tted with four-fold Lorentzians’ ( R  2   >  0.99) and showed a 
full-width at half-maximum of  Γ  2D   =  66.6  ±  1.5 cm −1 , hallmarks 
of Bernal-stacked bilayer graphene. [  29,31,32  ]  However, it has also 
been shown elsewhere [  33  ]  that two misoriented graphene layers 
exhibit a single 2D-peak around 2700 cm −1 , which we do indeed 
note at 2.33 eV and 2.71 eV. Thus, the bilayer graphene used 
herein is evidently macroscopically turbostratic with some 
Bernal-stacked regions, as one would come to expect from poly-
crystalline CVD-graphene. Transport studies gave a longitu-
dinal resistivity of   ρ  xx    ≈  4  ×  10 −4   Ω  cm, a charge carrier density 
 n  H   ≈  5  ×  10 12  cm −2 , and a Hall mobility of   μ   H   =  2000 cm 2  V s −1 .  

  2.2   .  Electron Transparency of Multi-Layer CVD Graphene 

 The electron transparency of graphene has been the focus of 
much debate in recent literature. [  25,26,34  ]  Despite this few reports 
have detailed the electron transparency of CVD graphene. [  35,36  ]  
Studies, most often performed in transmission electron micro-
scopes employing mechanically exfoliated graphene, revealed 
that electrons accelerated to  > 100 keV irreversibly modify the 
crystallinity of the graphene via ablation, radiolysis, thermal 

      Figure 2.  Electron transparency of chemical vapor deposited graphene. 
Absolute upper transmission boundaries as inferred from MC simula-
tions depicting the variation in transmission effi ciency for ideal graphene 
membranes as a function of layer number and electron energy. Sigmoidal 
fi ts and standard errors shown. Experimentally recorded electron trans-
mission effi ciency (Exp) is shown for chemical vapor deposited graphene, 
obtained by bright-fi eld contrast electron microscopy with landing ener-
gies calibrated by angle-invariant specimen current ( I  sc ) electron micros-
copy. 1L denotes monolayer; 2L, bilayer; and 3L, trilayer CVD-graphene. 
Insert: Variation in transmission effi ciency as a function of the number of 
graphene layers (0–10 layers) at 0.25 keV, 0.50 keV, and 0.75 keV. 
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measured transmission effi ciency of 50–60% at 1 kV, which is 
dramatically higher than conventional grid gate electrodes.  

  2.3   .  Graphene-Gated Triode Performance 

 A schematic of the fi eld emission diode and triode experimental 
setup is given in  Figure    3  a (see Experimental Section). Briefl y, 
a fi xed anode voltage ( V  a ) attracts the emergent electrons which 
are liberated by the gate voltage ( V  g ) where the anode current 
( I  a ) and gate current ( I  g ) are measured. Throughout, nomi-
nally equivalent triode geometries have been compared, one 
employing a conventional bare metal grid gate and the other 
our graphene hybrid gate. Note that earlier experiments con-
fi rmed that the screen-printed carbon nanotube electron 
emitter, employed herein, (see Experimental Section) was hys-
teresis-free and demonstrated negligible variation in anode cur-
rent with ramp number (<3.2% at  V  g   =  0.9 kV) (see Supporting 
Information, Figure S1). Figure  3 b shows  I  a  and  I  g  as a func-
tion of  V  g  for the graphene hybrid gate. Linearity in the Fowler-
Nordheim (FN) plot of  V  g  –I  a  and  V  a–  I  a  suggests that electron 
emission can be effi ciently stimulated by either the gate or 
anode. In typical operation the anode stimulates electron emis-
sion whilst the gate modulates the magnitude of the beam cur-
rent. The hybrid nanocarbon triode showed an approximate 
turn-on voltage (defi ned as the voltage required to emit 100 nA) 
of 166 V, with an emission current of 2.0 mA at 2.7 V  μ m −1 . 
Data was well-fi tted ( R  2   >  0.98) to the FN relation:

Ia = V 2
g β2 A ∗ A δ2 exp − B 3/ 2δ/ βV

  (3)      

where the slowly varying dimensionless Nordheim elliptical 
functions have been neglected for brevity,   Θ   is the work func-
tion of the CNT emitter (5.0 eV),   β   is the fi eld enhancement 
factor of the electron emitter,  A * is the effective emission area, 
  δ   is the constant gate–anode separation ( = 200  μ m), and  A  and 
 B  are constants equal to ( e  3 /8  π h )  =  1.54  ×  10 −6  A eV V -2 , and 
(8  π  /3 eh )(2 m ) 1/2   =  6.83  ×  10 9  (eV) −3/2 V m −1 , respectively.  

 Graphene hybrid and conventional bare gates were com-
pared in diode and triode modes. As shown in Figure  3 c, the 
graphene hybrid achieved a stable anode current of 3 mA at  V  g  
 =  1.0 kV. Diode and triode modes showed nominally equivalent 
behavior for the graphene hybrid. In triode mode the bare grid 
required  V  g   =  2.2 kV to obtain an equivalent anode current. 
The non-uniformity in the electric fi eld distribution of the bare 
gate resulted in a mean aperture electric fi eld some 12% lower 
than that of the hybrid gate. This manifests as the deleterious 
increase in turn-on voltage for the bare gate. 

 The transconductance( g m  ) under typical operation conditions 
( V  a   =  4 kV) for the graphene hybrid triode, calculated by:

gm = ∂Ia/∂ Vg Va= const   (4)       

 was 7.5  μ S, more than two orders of magnitude larger than the 
transconductance of similar triode devices based on spaghetti-
like carbon nanotube fi eld emitters with conventional bare 
gates. [  10  ]  The triode geometry showed a comparatively low per-
veance ( P ), calculated by:

 E   >  1 keV,   η   tends toward 100% for idealized graphitic materials 
of up to 10 layers. In practical fi eld emission triodes, the gate 
voltage is typically several hundred to a few thousand volts. [  42  ]  
Thus, triodes employing our hybrid gate electrodes can expect 
the emergent electrons to effi ciently traverse the gate.  

 MC simulations are the ubiquity in electron trajectory and 
transmission simulation studies. However, in atomic-scale 
systems such simulations pragmatically represent an upper 
transmission limit. The Fermi wavelength of the emergent 
electron beam at 1 kV is  ≈ 1.2 nm. This is comparable to the 
 c–c  lattice spacing (0.142 nm) and the inter-graphene spacing 
(0.335 nm), as well as the electric fi eld screening length in 
graphite (1.2 nm). [  27  ]  MC simulations are implicitly random 
and take account only of the average carbon atom density. This 
limits their applicability where coherency plays an important 
role, such as multi-layered graphene materials where effects 
such as Fabry-Pérot interference are important. As such the 
98.2% transmission indicated in our MC simulations is purely 
an indicative absolute upper limit. In reality the actual trans-
mission will be somewhat lower. Indeed, the measured electron 
transmission indicates an electron transmission effi ciency of 
87%, 74%, and 66% for mono-, bi-, and tri-layer graphene at 
2 keV (see Experimental Section). Possible sources of discrepan-
cies between the model and measurements arise as the model 
fails to account for local variations in electron landing energy, 
local variations in the graphene work function, graphene grain 
boundaries, polycrystallinity, lattice defects and impurities/ 
dopants, backscattered and secondary electron populations, 
spherical and chromic aberrations, and the effects of local 
charge trapping and other perturbations in the surface potential 
associated with contaminants. Moreover, the angle at which the 
primary electrons impinge upon the graphene has been shown 
to greatly affect the transmission effi ciency, thus techniques 
invariant toward the angular dispersion of the impinging pri-
mary electron beam must be considered. [  43,44  ]  Consequently, 
specimen current electron microscopy ( I  sc ) was employed 
to independently corroborate our bright-fi eld contrast scan-
ning transmission electron microscopy fi ndings, as shown in 
Figure  2  (see Experimental Section). Raman spectroscopy indi-
cated mean sp 2  domains  ≈ 41 nm in size. [  45  ]  These misoriented 
fi nite domains within discrete graphene grains ( ≈ 5  μ m in size), 
and the interfaces with which they defi ne, perturb the macro-
scopic electronic structure markedly and alter the electronic 
transport within, and normal to the basal plane. These scatter 
sites, typically in the form of lattice dislocations, have been 
shown to reduce the measured transmission effi ciency dra-
matically and, rather strikingly, even enhance refl ectivity in the 
basal plane. [  46  ]  Extension of this conjecture to an out-of-plane 
geometry, particularly at lower beam energies, are supported 
by direct comparison of microscopic crystalline graphene and 
our macroscopic polycrystalline CVD samples, which corrobo-
rates our simulations excellently. [  45  ]  As previously eluded to, 
the interaction between the primary electron beam and the gra-
phene is strongly correlated with the incident angle. [  44  ]  Further 
transmission suppression may well occur due to corrugations 
and strain-relieving membrane buckling, both of which we have 
observed directly. Despite the comparatively high speculated 
areal density of such topological defects, compared to exfoli-
ated samples, our CVD bilayer graphene gates maintain a high 
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 was 14 M Ω , whilst that of the graphene hybrid was 70 M Ω . The 
amplifi cation factor of the graphene triode was 524, which was 
 ≈ 7.6 times larger than the amplifi cation factor of the bare gate 
triode. At  V  g   =  1 kV, approximately 2  μ A per aperture is sank in 
the gate, which when applying the Schottky formula for a non-
Ohmic shot Noise limited electrode we fi nd an upper band-
width of around 6 GHz. 

 The dependency of the transmission effi ciency (  η  ) on  V  g  
is shown in Figure  3 e, where   η    =   I  a /( I  a  +  I  g ), where  I  a  and  I  g  
denote the anode and gate currents, respectively. For the bare 
gate the transmission effi ciency decreased monotonically from 
around 40% to 20% with increasing  V  g . In contrast, in the gra-
phene hybrid the transmission was invariant with respect to  V  g . 

P = IaV−3/2
a   (5)       

 For the graphene gate the perveance was of the order of 
0.03  μ A V −3/2 , some 34% higher than the conventional gate but 
two-orders of magnitude less than commercially available emit-
ters. This is a direct consequence of the triode geometry and 
CNT electron source morphology. The marked effect of  V  a  on  I  a  
at fi xed  V  g  (  =  1 kV) for traditional bare gates is shown in Figure 
 3 d. However, in the graphene hybrid triode, V a  had a negligible 
effect on I a , which was only dependent on  V  g . The triode output 
impedance ( Z  0 ) of the bare gate triode, calculated by:

Z0
∼= ∂Va/∂ Ia| Vg= const

  
(6)       

      Figure 3.  Field emission performance comparison of a bare conventional Mo gate and the hybrid graphene gate. a) Schematic of the experimental setup 
showing the diode (left) and triode (right) confi gurations. b) Hybrid gate performance in triode mode. Anode current and gate current as a function 
of gate voltage at  V  a   =  4 kV. c) The dependence of the anode current on gate voltage in diode and triode confi gurations for a bare and hybrid gate ( V  a  
 =  4 kV). d) Effect of anode voltage on anode current for a fi xed gate voltage ( V  g   =  1 kV). e) Variation in transmission effi ciency with gate voltage ( V  a   =  
4 kV). Note the invariance in the transmission effi ciency of the hybrid gate with gate voltage and anode current with anode voltage. 
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in which to improve device performance would be to employ 
larger pitch grids to minimize the deleterious opaque regions. 
However, highly conductive graphene would be critical in this 
instance to ensure uniformity in the gate electric fi eld. Notwith-
standing, the measured transmission of graphene hybrid gate 
shows excellent consistency with earlier estimates and is greatly 
improved relative to the conventional bare gate. 

 To investigate the emitted beam characteristics, integrated 
intensity maps (ZnO: Zn phosphor) were acquired in a triode 
confi guration at  I  a   =  1 mA, 1.5 mA, 2 mA, and 2.5 mA, as 
shown in  Figure    4  a. The diameter of the beam in the hybrid 
case is approximately 2.2 ( ± 0.06) mm and was largely inde-
pendent of  V  g . The spot diameter for the traditional metal 
grid varied, non-uniformly between 2.8 mm and 3.4 mm. This 
severe dispersion is predominately attributed to the non-uni-
formity of the electric fi eld distribution surrounding the bare 

 V  g  defi nes the effective electron energy. Linearity of the  V  g – I  a  
FN curve (insert in Figure  3 b), for example, at  V  g   =  1 kV pro-
duces impinging electrons that are accelerated to around 1 keV 
giving an approximate transmission effi ciency of the hybrid 
gate of  ≈ 68%, some 30% lower than our theoretical predic-
tions. However, the measured transmission effi ciency was 
approximately equal to the grid porosity (70%) and showed 
extremely good correspondence with the measured transmis-
sion effi ciency. The electron transmission model assumed free-
standing, perfectly crystalline graphene and did not consider 
electron-opaque regions, such as the Mo grid. Normalizing 
to the occluded regions, we fi nd an actual transmission effi -
ciency of  ≈ 97% confi rming that the bulk of the electron popu-
lation do indeed pass through the graphene rather than being 
captured by it. The fi nite pitch of the Mo grid limits the max-
imum attainable transmission. Thus, one possible approach 

      Figure 4.  Electron beam uniformity. a) Integrated intensity images (ZnO: Zn) (triode confi guration) operated at anode currents of 1 mA, 1.5 mA, 2 mA, 
and 2.5 mA showing enhanced uniformity in the graphene hybrid gate case (top) (scale bar: 2 mm). b) Integrated intensity cross-section showing 
narrower beam shape in the hybrid gate. Satellite peaks in the cross-section intensity map are due to anode imperfections. c) Simulated electron tra-
jectories of the graphene hybrid and bare gates (scale bar: 1 mm). Empirical fi ndings validate our ab-initio simulations well suggesting that the beam 
diameter of the graphene hybrid is between 63% (empirical) and 83% (theory) of an equivalent conventional bare gate. Modelling of the conventional 
gate indicated a beam divergence of approximately 80 ° , whilst the graphene hybrid showed a highly collimated 86 °  beam. Direct profi le measurements 
showed a beam divergence of 76 °  for the conventional gate and 88 o  for the graphene hybrid, an improvement in beam collimation of some 86% due 
to graphene incorporation. 
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stimulated vacancies, and radiation-induced chemical etching 
associated with chemisorbed species, may also have increased 
the rate of defect formation. No electron beam-induced forma-
tion of non-equilibrium graphitic nanostructures was noted, 
substantiating the resistance of graphene to the impinging 
beam.  

 Previous work has demonstrated the impressive resilience of 
graphene toward energetic impinging electrons of energies up 
to 86 keV, the knock-on damage threshold for sp 2  carbon. [  34,39  ]  
This threshold is more than one order of magnitude greater 
than the typical operational potentials in standard triodes. In 
the case of graphene, scattering is coherent and elastically lim-
ited ensuring lattice thermalisation and negligible defect induc-
tion. Moreover, as graphitic nanocarbons have one of the lowest 
sputter cross-sections of any material (10 −4 –10 −1  barn), [  25,47  ]  

gate. The measured/modelled beam diameter for the hybrid 
gate was approximately 63%/58% that of the conventional bare 
gate (Figure  4 b). Figure  4 c depicts a cross-section of the elec-
tric fi eld distribution with and without graphene (COMSOL 
Multi-physics V3.3A.), when  V  g   =  1 kV and  V  a   =  4 kV. The 
model suggests that the graphene planarises the metallic sup-
port, smoothing the electric fi eld distribution ensuring a colli-
mated beam. DC electrostatic models of the conventional metal 
gate indicated a beam divergence   γ    =  80 ° , whilst the graphene 
hybrid offered an increasingly collimated   γ    =  86 ° , where  γ  is 
defi ned as per Figure  4 c. Measurements demonstrated a beam 
divergence of   γ    =  76 °  for the conventional bare gate and   γ    =  
88 °  for the hybrid gate (where we note   γ   ideal   =  90 ° ) due to gra-
phene incorporation (Figure  4 a). We attribute the remaining 
minor beam divergence to unavoidable Coulomb interactions. 
The hybrid gate showed an increasingly uniform electric fi eld 
distribution (as the graphene passivated the electric fi eld edge 
enhancement associated with the apertures periphery, which 
induced detrimental electron beam divergence) and a conse-
quent collimated electron beam, both of which are critical in 
obtaining stable, high current densities for applications such as 
portable X-ray sources. A detailed study on a micro-focus nano-
carbon micro-cathode X-ray source array employing an on-chip 
integrated graphene gate will be presented elsewhere.  

 At present, carbon derivatives, such as ion-textured graphite 
are widely adopted to coat fi eld emission collectors and grid 
electrodes. [  26  ]  To investigate the comparative performance of 
our graphene hybrid gate to other available, low-cost carbon 
derivatives we considered commercially available 7 nm holey 
carbon grids as a disordered and discontinuous analogue to our 
crystalline graphene hybrid. The graphene hybrid gates offered 
similar emission improvements to the lacey carbon gates 
though the latter showed a marginally lower electron transpar-
ency, most likely attributed to the signifi cantly thicker and more 
irregular fi lms. Lacey carbon gates also showed a 3% higher 
turn-on voltage due to the reduced layer uniformity compared 
to the graphene. Moreover, the  g  m  of the lacey carbon grid was 
49.3% lower than that of the graphene hybrid. Notwithstanding, 
perhaps the most notable difference was in emission stability. 
The lacey carbon gates were signifi cantly less stable ( ± 9.6%) 
compared to the graphene hybrid ( ± 1.0%) for equivalent bias 
and time ( V  g   =  0.75 kV,  V  a   =  4 kV,  t   =  5.5 h) (see Supporting 
Information, Figure S2). Even under increasingly high driving 
biases, for example when  V  g   =  1.5 kV, the emission stability of 
the graphene hybrids was consistently <  ± 2.3%. 

  Figure    5  a shows a typical accelerated lifetime test. For  V  g  < 
1 kV, the emission variability ( ± 1 S.D.) of the graphene hybrid 
triode was <2.2%. For  V  g   =  1.50 kV, 1.00 kV, and 0.75 kV, < I  a  >  
 =  6.02  ±  0.05, 2.98  ±  0.03, and 1.03  ±  0.10 mA, respectively. 
Electron irradiation did not signifi cantly degrade the graphene. 
Any induced defects would have manifest as instabilities in the 
emission current, with the emission becoming progressively 
stochastic. This was not the case. Scanning electron microscopy 
revealed that the graphene coverage prior to, and following 
a 5.5 h stability test performed at  V  a   =  3 kV and  V  g   =  1.5 kV, 
reduced the graphene coverage by only 17.4% (see Supporting 
Information, Figure S3), with no measureable alteration in the 
emission current. The observed defects are most likely transfer 
produced, however existing lattice interstitials, local plasma 

      Figure 5.  Gate stability. a) Room temperature accelerated lifetime meas-
urement performed at 10 −7  mbar ( V  a   =  4 kV,  V  g   =  1.5 kV, 1.0 kV, 0.75 kV). 
At gate biases ≤1 kV the emission shows variability ( ± 1 S.D.) of <1.0% 
( V  g   =  1 kV) and 2.2% ( V  g   =  1.5 kV). b) Graphene electron-beam resilience 
inferred by Raman spectroscopy. Gaussian fi ts to the  I  D / I  G  counts for pris-
tine and irradiated samples acquired from more than 500 spectra. Insert: 
Example 2.33 eV Raman spectra of a pristine and irradiated sample. 
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transmission mode at STP. Raman analysis was performed using an 
InVia Raman spectrometer operated at 2.71 eV (457 nm, Ar), 2.33 eV 
(532 nm, diode), and 1.96 eV (633 nm, He-Ne) with an incident power 
<10 mW fi tted a linear piezo xy stage (min. step  =  0.2  μ m) operated over 
triplicate accumulations with the graphene supported on rectangular 
TEM grids. The sample topography was inspected using a Carl Zeiss 
Gemini and a FEI Quanta 20 scanning electron microscope. High 
resolution transmission electron micrographs and select area electron 
diffraction patterns were acquired using a JEOL JEM-4000EX operated 
at 80 keV with a current density <20 pA cm −2 . Electrical conductivity, 
resistivity, and charge carrier density measurements were conducted in 
a Hall MMR system operated at STP. A 50  μ m  ×  50  μ m standard four-
terminal van der Pauw confi guration was patterned by electron beam 
lithography (Nanobeam Ltd.) and oxygen reactive ion etching (Philips 
– 50 W, 0.1 mbar, 20 s), with Ti/Au (15/60 nm) contacts thermally 
evaporated (Lesker PVD 75) on the Si/SiO 2  (300 nm) supported 
samples. 

  Graphene Gate and Carbon Nanotube Electron Emitter Fabrication : 
Graphene hybrid gates were fabricated by transferring CVD-grown 
graphene to Mo grids (Zhong Jing Ke Yi Ltd.) via standard FeCl 3 –H 2 O 
(25 wt%) wet-etching of the underlying catalyst using a 100 nm spin-
coated PMMA mediator, as reported in more detail elsewhere. [  50  ]  PMMA/
graphene was transferred from the etchant solution to a de-ionised water 
bath and fl oated onto Mo grids. PMMA was removed with repeated 
acetone dips and fi nally rinsed in isopropanol. Mo was selected over 
conventional Cu transmission electron microscopy grids because of its 
low backscatter electron yield   η  * (for 1 keV incident primary electrons: 
  η  * Mo   =  0.2,   η  * Cu  =   0.3–0.5), [  51–53  ]  low secondary electron yield   γ   (for 1 
keV incident primary electrons:   γ   Mo   =  0.7,   γ   Cu   =  1.4–1.7), [  54,55  ]  and its 
high mechanical rigidity. Various grid apertures (50, 100, 150, 200  μ m) 
with a transmissions ratio of 70% were investigated. For apertures 
 > 150  μ m graphene coverage was poor, whilst 100  μ m apertures offered 
optimal transfer with minimised pin holes at maximum aperture. 

 As-purchased MWCNTs were purifi ed via chemical oxidation using 
of K 2 Cr 2 O 7 , as detailed in our previous work. [  56  ]  Purifi ed MWCNTs 
were mixed with ethylcellulose and terpineol and agitated at 70  ° C for 
1 h. Once cooled the MWCNT slurry was screen-printed onto 50  ±  
0.2  μ m Mo foil through a 350 pitch mesh. Pastes had a typical CNT 
concentration of  ≈ 5%. Emitters were left at STP to dry and then heated 
to 400  ° C in a sinter furnace to remove residual organics. 

  Electron Transparency : The electron transparency of graphene was 
determined using two-dimensional MC electron trajectory software 
(Casino v3.2). Individual graphene layers were assumed turbostratic, 
graphitic in material constants, incommensurate, and to be 0.34 nm 
thick. The electron transparency was empirically evaluated by bright 
fi eld contrast electron microscopy using a fi eld emission Hitachi 
S-5500 scanning transmission electron microscope (STEM) with a 
200  μ m diameter probe diameter operated in bright fi eld mode with 
a current density <1 A cm −2 . The fi nite size of the bright fi eld detector 
and the non-collimated electron beam in typical STEM systems 
induced errors in the measured transmission spectra. Indeed, the 
elastically dominated electron-lattice interactions for the graphene 
gate will result in large scatter angles. Thus, electrons impinging on 
the bright fi eld detector are sourced from a variety of positions angles 
and some transmitted electrons may certainly be defl ected outside the 
extent of the detector. [  57  ]  As a result the landing energy of the contrast 
measurements was independently calibrated by direct specimen current 
imaging electron microscopy, [  58  ]  which is insensitive to the electron 
trajectories, using a Zeiss Sigma scanning electron microscope with 
integrated pico-ammeter operated from 0.3–3.0 keV. The specimen 
current ( I  SC ) relates to the transmitted electron current ( I  TE ), the 
primary electron current (I PE ), the backscattered electron current ( I  BSE ), 
and the secondary electron current ( I  SE ) by;  I  TE   =  ( I  PE  –  I  BSE  –  I  SE  –  I  SC ) 
 =  [ I  PE  (1 –   η   –   δ  ) –  I  SC ], as  I  BSE   =    η  *  I  PE , and  I  SE   =    δ   I  PE , where   η  * is the 
backscatter electron yield, and   δ   is the secondary electron yield, both 
of which are dependent on the landing energy of the primary electrons 
and have been estimated from literature based on cleaved high purity 
pyrolytic graphite. [  59  ]  

even high-defect-density graphene is an order of magnitude 
more robust than the ubiquitous transition metals employed 
in gate grid manufacture. [  48  ]  If we assume single monovacancy 
nucleation per nm 2 , a typical operational beam current density 
(10 4 –10 5  A cm −2 ) [  49  ]  is at least ten times less than the beam cur-
rent density required to stimulate signifi cant localised sput-
tering ( ≈ 10 6  A cm −2 ). Raman spectroscopy performed on the 
graphene hybrid gates before (pristine) and after irradiation 
(irradiated) showed that the graphene was crystallographically 
unaffected by the impinging electron beam. More than 500 
individual measurements were conducted on pristine and irra-
diated samples (2.33 eV) (Figure  5 b). Negligible crystallographic 
variation between the two was noted. For the pristine samples, 
< I  D / I  G  >  pristine   ≈  0.25, whilst for the irradiated < I  D / I  G  >  irradiated   ≈  
0.26. Representative Raman spectra from a pristine and irradi-
ated sample are shown in the insert of Figure  5 b.   

  3   .  Conclusions 

 Herein, we have presented, for the fi rst time, a graphene hybrid 
gate electrode in a triode fi eld emitter electron source. Conduc-
tive, electron transparent gate electrodes were fabricated from 
bilayer turbostratic graphene transferred to Mo grids and inte-
grated into nanocarbon micro-triodes. Experimentally validated 
simulations showed that electrons with energies  > 1 keV effi -
ciently ( > 95%) penetrate multi-layer graphene membranes. The 
graphene hybrid gates were shown to reduce the gate driving 
voltage by 1.1 kV due to the increased uniformity in the gate 
electric fi eld distribution. The measured electron transmission 
effi ciency of the gate electrode increased from 20% to 68% as a 
result of graphene incorporation, resulting in a triode amplifi ca-
tion factor 7.6 times larger than devices based on conventional 
refractory metal grid gates. Integrated intensity images showed 
that the electron beam angular dispersion was improved by 
12.3 °  relative to the uncoated gates, resulting in a 63% reduc-
tion in beam diameter. Negligible damage to the graphene 
was noted after lifetime tests with triodes demonstrating excel-
lent stability (<2.2% over 5.5 h) all of which are critical device 
parameters required to achieve truly portable and inexpensive 
fi eld emission electron sources.  

  4   .  Experimental Section 
  Graphene and Carbon Nanotube Chemical Vapor Deposition : Graphene 

was synthesised by hot-walled thermal chemical vapor deposition 
(CVD), as similarly reported in detail elsewhere. [  13  ]  Briefl y, 5 sccm 
CH 4  (Air Products, 99.5%) was introduced to a 500-nm-thick physical 
vapor deposited Cu (and Ni) catalyst on 200 nm thermally oxidised Si, 
at 1000  ° C in an Ar: H 2  ballast (960 (99.9997%): 40 (99.9992%) sccm, 
Air Products) at 25 mbar. Following the growth phase samples where 
quenched using 2000 sccm N 2  (99.99%, Air Products) to 250  ° C prior to 
system venting. Mono-, bi-, and tri-layer graphene was grown by Cu and 
Ni-catalyzed CVD under equivalent growth conditions. 

 Purifi ed, thermal CVD-synthesised multi-walled carbon nanotubes 
(MWCNTs) were purchased from XFNANO Materials Tech. Co. and had 
a CNT content  >  95%. The as-purchased MWCNTs had an inner/outer 
diameter of <3/8 nm and were 10–30  μ m in length. 

  Material Characterization : Graphene was optically characterised 
using an Hitachi U-4100 UV-Vis-NIR spectrophotometer operated in 
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  Field Emission Measurement : Field emission measurements were 
conducted in two custom-built, ultra-high vacuum (UHV) systems that 
were turbo molecular and ion pumped to base pressures of <10 −9  mbar 
at room temperature. Samples were heated in UHV conditions to 200  ° C 
for 24 h to remove water vapor and other absorbates and allowed to 
naturally cool to room temperature. A 2 mm diameter and 10  μ m thick 
screen-printed thin fi lm of chemical vapor deposited multi-walled carbon 
nanotubes on Mo foil formed the cathode, adjacent to the graphene 
gate, which was grounded. In diode mode, we adopted a parallel-plate 
set up with a cathode-anode distance of 3 mm defi ned mechanically by 
clamped alumina spacers. In triode mode, the gate-cathode distance 
was 200  μ m with an anode-gate distance of 3 mm, again mechanically 
clamped with alumina spacers. The anode was positively biased using 
an automated LabView controlled variable DC voltage supply. The 
anode current was measured using a Keithley 485 picoammeter, fi tted 
with a 100 k Ω  ballast resistance and attached to a computerised data 
acquisition system. The gate voltage was controlled by a secondary, 
custom-built source measure unit. Integrated intensity maps were 
captured using a chamber mounted CCD. Beam profi les were assessed 
by comparing image grey scale intensities for triodes with traditional 
metal gates and graphene hybrid gates. 

 < >  denotes mean values, with all errors quoted as  ±  1 standard 
deviation (S.D.).  
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