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Abstract— We r eport h ere a n e xcellent fi eld e mission p er-
formance f rom periodic patterned graphene nanomesh ( GNM)
field emitter. A simulation of t he relationships between external
electric field and the local electric field enhancement on the GNM
edges was conducted to optimize the parameters of the nanostruc-
ture. Experimental results revealed t hat t he gate driving voltage
was as l ow as 20 V. This kind of emitters also s hows good field
emission s tability. It i s expected t hat t he GNM i ntroduced here
will generate i mpacts f or t he f urther advancement of graphene
field emission devices i n emerging t echnologies and applications.

Index T erms— Field emission, back gate triode, graphene,
nanomesh.

I. I NTRODUCTION

GRAPHENE exhibits excellent field emission properties
and will likely be candidates as electron sources in future

vacuum electronic applications, [1] due t o i ts atomically sharp
edges. The nature of s harpness i s s upposed t o give a great
enhancement of field strength as an emitter. However, most of
in-situ and ex-situ graphene growth, exfoliation and deposition
techniques r eported t hus f ar h ave y ielded flat s heets l ying
adjacent t o t he s ubstrate. I t i s more practical t o make field
emitter f rom graphene film parallel aligned t o substrate, with
certain pre- or post- t reatment.

Triode s tructure i s mostly used i n practical device. There
are mainly t hree k inds o f fi eld e mission t riode s tructure,
i. normal gated structure, of which t he key challenge i s how
to a ccurately grow emitters i nside of t he gated cavities [ 2].
ii. planar gated structure, i n which t he gate was l ocated i n t he
same plane with cathode. However, t he r eported method was
complex and t ime-consuming [3]. i ii. back gated structure, i n
which t he gate was below t he cathode, has some advantages,
such as high modulation sensitivity, easy f abrication, etc. [ 4].
However, very f ew work has been done t o i nvestigate back
gated t riode based on patterned graphene field emitter. More
important, t he unique geometry of graphene could be utilized
very well i n t his s tructure, which i s one of t he r easons why
we f ocused our efforts on t his l etter.
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Fig. 1 . (   a-e) F abrication o f t he t riode t ype g raphene n anomesh fi eld
emission structure. SEM i mages of a graphene nanomesh emitter, i n l ow ( f),
medium ( g), a nd high ( h) magnification. AFM i mage ( i) of t he g raphene
nanomsh gave more details about t he edges. Raman spectrum ( h) i s showing
crystalline nominally single l ayer l ayer graphene.

In t his letter, we demonstrated an effective approach to syn-
thesizing high performance micro-gated graphene nanomesh
field e mitter a rrays. High e mission c urrent d ensity, l ow
turn-on/ t hreshold field a nd s ensitive gate modulation were
obtained.

II. EXPERIMENT AND SIMULATION DETAILS

Graphene was synthesized by thermal chemical vapor depo-
sition ( CVD) on Cu f oils at 1000 ° C using CH4 ( 40 s ccm)
and H2 ( 40 s ccm) at 100 Pa i n a custom-built t ube f urnace.
The p ristine material was t ransferred, u sing a p olymethyl
methacrylate (PMMA), to the SiO2/Si substrate by wet-etching
the underlying Cu catalyst [5]. A schematic of our fabrication
method can be seen i n Fig. 1(a∼e). Top view scanning elec-
tron microscope ( SEM) i mages of an as-fabricated graphene
nanomesh emitter, in low, medium, and high magnification, are
given i n Figure 1(f) (g) (h), respectively. Moreover, an atomic
force microscope ( AFM) i mage of t he graphene nanomesh
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Fig. 2. (  a) The model of graphene nanomesh emitter i n a t riode s tructural
field emission s etup. ( b) The dependency of normalized electric field at t he
edges ( E′/ E′  

max) on t he l ength ( l) of a single mesh unit. I nset of (b) Electric
field distribution around t he nanomesh ( top view).

was enclosed to give more details about the edges, as shown in
Figure 1(i). Raman spectrum in Fig. 1(h) is showing crystalline
nominally single l ayer graphene.

It is well know that screen effect is a key issue which affects
the field emission properties of t he field emitter [ 6]. Larger
screen effect could reduce the electric field enhancement factor
of t he emitter, resulting i n high operating voltage. In our case,
the size of a single mesh unit in t he graphene nanomesh could
determine t he screen effect. To design t he nanomesh emitter,
we h ave c arried out finite e lement e lectrostatic s imulation,
using COMSOL MULTIPHYSICS. The model of graphene
nanomesh emitter i n a t riode structural field emission setup i s
shown i n Fig. 2(a), i n which both t he width (w, 500 nm) and
thickness ( t , single l ayer graphene, 0.37 nm) of t he graphene
mesh l ine are fixed. I n t he simulation, t he cathode ( graphene
nanomesh) was grounded (0 V), while t he anode was applied
to 200 V positive voltage.

We have calculated t he electric field distribution around t he
nanomesh, which i s s hown i n t he i nset o f Fig. 2 (b). I t i s
obvious t hat t he e lectric field a round t he graphene e dge i s
stronger t han other area, so t hat we can expect electron will
prior emit f rom t he edges. The electric field at t he edges (E′)
as a f unction of t he l ength ( l) o f a s ingle mesh unit was
calculated. The dependency of normalized E′ ( E′   /E′  

max) on
l i s r ecorded i n Figure 2(b), i ndicating t hat t he E′ i ncreased
with t he l i ncreased. When l value exceed 1500 nm, t he value
of E′/E′  

max was saturated, which suggested very l ittle screen
effect o f e lectric field o n t he g raphene n anomesh e mitter.
Consequently, t he optimized value of l i s 1500 nm.

Using t he optimized electron beam l ithography conditions,
we were a ble t o s ynthesize g raphene n anomesh within a 
relatively l arge a rea ( 1000 μm × 1 000 μm), a s s hown
in F ig. 1(f, g, h). T o p rove t he s imulation r esults, w e
have f abricated g raphene n anomesh with t hree d ifferent
lengths ( l) of a s ingle mesh unit: 500nm, 1000nm, 1500nm
for comparison. The experimental setup for t he field emission
measurements i s s hown i n Fig. 2(a). The distance between
anode and cathode was 2 mm. The thickness of the underneath
insulator i s around 300nm. We have t ested on t hree samples
for e ach t ype, a nd t he a verage l evel d ata was r ecorded.
To t est t heir field emission properties, we l oaded t he graphene
nanomesh emitter i nto an ultra-high vacuum (UHV) chamber
with a base pressure of 10−7 mbar. We heated t he sample t o
200 ° C f or 24 h t o eliminate water vapor or other possible
residual adsorbates on t he emitters.

Fig. 3 . (   a) s hows t he measured c urrent-electric fi eld ( I-E) c urves f rom
graphene nanomesh with different l ength ( l) of a single mesh unit. ( b) shows
the measured c urrent-electric fi eld ( I-E) c urves a t d ifferent g ate v oltages
(0 t o 20 V at 5 V i ncrements), while ( c) s hows t he corresponding FN plot.
(d) The dependency of both t urn-on field a nd field e nhancement f actor on
gate voltage.

III. RESULTS AND DISCUSSION

Fig. 3 (a) s hows t he measured c urrent-electric field ( I-E)
curves f rom graphene nanomesh with different l ength ( l) of
a single mesh unit. I t i s obvious t hat t he graphene nanomesh
with 1500nm holes has t he best field emission performance,
which also s uggested a minimum s creen effect. The experi-
mental r esult proved t he above simulation result.

Fig. 3 (b) s hows t he measured c urrent-electric field ( I-E)
curves at different gate voltages (0 to 20 V at 5 V increments).
Fig. 3(c) shows t he corresponding FN plot where t he data has
been fitted to the Fowler-Nordheim equation, [7] as defined by;

J = A(β2V 2/�d2) ex p( −B�3            /2d/βV ), (1)

where J i s t he c urrent density, A=1.56×10−6 ( A V−2e  V),
B=6.83×109 ( V e V−3/2V   m−    1)  , β i s a field e nhancement
factor, � is the work function, E=(V/d) is the applied field, d is
the distance between t he anode and t he cathode, and V i s t he
applied voltage. Here, the effective field enhancement factor β
can be calculated from t he slope of t he FN plot, using 5.0 eV
as t he work functions of graphene.

The plots in Fig. 3 (b) and (c) clearly indicate t hat emission
current densities can be effectively altered by gate bias. The
turn on e lectric field, defined a s t he field a t which c urrent
density reaches 10 μA/cm2, decreased from 3.0 t o 1.7 V/μm
as a result of t he i ncrease i n gate voltage (Vg) from 0 t o 20 V.
Similarly, t he t hreshold field, defined a s t he field a t which
current density i s equal to 1 mA/cm2 (indicated with an arrow
in Fig. 4b), decreased from 4.0 t o 2.5 V/μm as a result of t he
increase i n Vg f rom 0 t o 20 V.

The l inearity of t he F-N plots confirms t hat t he field emis-
sion r esults f rom a quantum mechanical t unneling process.
We demonstrate in this field emission device that gate potential
plays an i mportant role i n field emission control. The slope of
the F-N plot decreased with i ncreasing Vg, meaning t he field
enhancement f actors i ncreased. This p henomenon i ndicates
that i ncreasing Vg i ntroduces an extra electric field t hat can
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Fig. 4. (  a) The s tability t est of graphene nanomesh emitter. A fluctuation
of 1.5% was observed, which suggested a very stable emission current. The
insets s how t he emission i mages, t aken at anode voltage of 2000V and gate
voltage of 15V, f rom graphene nanomesh emitters with different mesh holes’
sizes. SEM i mages of graphene nanomesh ( b) before and ( c) after t est.

help excite more electrons from nanomesh emitters, l eading to
an i ncrease i n β ( from 612 t o 1388) and a decrease i n t urn on
and t hreshold field, as summarized i n Fig. 3(d). I t should be
noted t hat t he FN curves bended at high electric field r egion,
which suggests current saturation due t o t he r esistor effect of
graphene nanomesh [8].

The temporal emission characteristics are given in Fig. 4(a),
shows a n s tability t est. I n t he t est, t he a node voltage was
set t o be 2000V, while t he gate voltage was fixed a t 15V.
The s tability of t he graphene nanomesh emitter was greatly
improved compared t o some carbon nanotube emitters, show-
ing a l ow e mission c urrent fl uctuation o f o nly ±1.5 %.
All t hree t ypes of s amples have been t ested, which s howed
the similar stability behavior. Previous studies confirmed t hat
the one of t he r eason f or t he unstable emission current i s t he
difference among emitters’ geometry in a field emission array.
Because FE current increases exponentially with applied field,
the emitters with l arge will emit current at l ower fields and,
as t he field i ncreases, will b urn o ut b efore o ther e mitters
reach t heir t hreshold field. The c urrent density i s t herefore
limited by t he number of emitters s witched on at any given
time. Consequently, we s peculate t hat t he high s tability was
attributed t o t he h igh u niformity o f t he n anomesh p attern
fabricated by electron beam l ithography, which generate bal-
anced e mission c urrent f rom e ach g raphene e dge i n t he
nanomesh.

The emission i mages at anode voltage of 2000V and gate
voltage of 15V, t aken by a c amera ( Nikon D600, e xposure
time=0.01s, I SO=1600), f rom graphene nanomesh e mitters
with different mesh s izes ( l=500nm, 1000nm, 1500nm) are
shown i n t he i nset of Fig. 4(a). It i s obvious that t he graphene
nanomesh with 1500nm mesh holes has a much better field
emission uniformity, which suggests a l ower screen effect.

It is worth mentioning that no obvious change of the surface
morphology of graphene mesh was found before and after field
emission testing, which was shown in Fig. 4(b) and (c), respec-
tively. This can be explained as following. As t he cathode was
working at t riode mode, t he anode-cathode electric field was
not that high (lower than 5V/μm in our case), which lead to an
inconspicuous ion bombardment effect, avoiding the damaging
of graphene l ayer.

IV. CONCLUSION

In sum, we reported here an effective t echnique t o fabricate
large-scale, r eproducible g raphene n anomesh e mitter. This
technique employs e-beam lithography and O2 plasma etching
to carve holes from a single l ayer graphene film. A simulation
of t he r elationships between a node voltage a nd t he e lectric
field e nhancement on t he graphene e dge was c onducted t o
design t he s pecial h ole t o p revent s creen e ffect. I n t esting
the fi eld e mission o f t his t riode s tructure, we f ound t hat
increasing gate voltage f rom 0 t o 20 V l owered t he t urn on
field f rom 3 .0 t o 1 .7 V/μm a nd t he t hreshold fields f rom
4.0 t o 2 .5 V/μm, while i ncreasing t he fi eld e nhancement
factor from 612 t o 1388. The results demonstrate t hat positive
gate voltages increase electric field, making electron tunneling
significantly e asier a nd t hus g enerating a h igher e mission
current density. I t i s expected t hat t he f abrication and t esting
techniques i ntroduced h ere will g enerate i mpacts f or t he
further a dvancement of g raphene field e mission d evices i n
emerging t echnologies and applications.
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