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The field emission (FE) characteristics of nano-structured carbon films (NSCFs) are investigated. The saturation

behaviour of the field emission current density found at high electric field E cannot be reasonably explained by the

traditional Fowler-Nordheim (F-N) theory. A three-region F model and the curve-fitting method are utilized for

discussing the FE characteristics of NSCF's. In the low, high, and middle E regions, the FE mechanism is reasonably

explained by a modified F-N model, a corrected space-charge-limited-current (SCLC) model and the joint model of F-N

and SCLC mechanism, respectively. Moreover, the measured FE data accord well with the results from our corrected

theoretical model.
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1. Introduction

Carbon material has attracted considerable atten-
tion because of its good electron field emission (FE)
properties with low threshold electric field (E)1 and
high FE current density[® in recent years. Many re-
ports indicate that amorphous carbon film is a promis-
ing candidate for the field emitters because of its
unique chemical, electrical, optical and mechanical
properties. Therefore, most of the previous work
has focused on various nano-carbon films. Zheng et
al.B] obtained the enhanced field-emission properties
of carbon nanotubes by magnetically controlled nickel-
electroplating treatment.®! Wang et al. found that the
good FE properties of carbon nano-sheets!* and car-
bon nanoflakes® might be due to the high density of
graphite edges which had a number of potential emis-
sion sites. Wang et al.[% studied the FE characteristics
of other nano-carbon films.

Many recent studies indicate that the FE current
of the nano-carbon film has a saturated trend which
cannot be reasonably explained in terms of the clas-
sic F-N theory.l"27 The classic F-N theory should
be adapted to the case of a flat cathode surface of
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metal with a sufficient number of free electrons. It
may not be applicable for various carbon nanofilms
that have complex structures with irregular shapes
and their emission sites and electrical conductivities
are significantly different from those of pure metal
plates. Moreover, the number of FE sites and param-
eters may not be constant when a high electric field
of about 107 V/cm is applied to samples.!8 Under an
extremely high electric field, the FE current can be
limited by the space-charge-limited-current (SCLC)

2 and so on.

effect, screening effect,

Many explanations on the FE mechanism of car-
bon nanofilm are based on the F-N theory, but the
saturation trend of the FE current in the high F re-
gion is not clearly interpreted. No complete theory
can be used to explain the FE mechanism of carbon
nanofilm. Therefore, it is very important to explore
the FE mechanism of carbon nanofilm in application
to the field emission electron source with high cur-
rent. We studied the FE properties of nano-sheet and

=131 and suggested a three-

(13]

nano-needle carbon films,
region F model to explain the FE characteristics.
In this study, in order to further understand the FE
mechanism of nano-structured carbon film (NSCF), a
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three-region E model is explained in detail, and the
further modification and discussion for our model in
the low, middle, and high F regions are performed.

2. Three-region E model

If we assume that the distribution of emitter tip
radii on a carbon film surface is a Gaussian distribu-
tion, the height of every emitter is constant, and the
FE behaviours of these tips are determined by their
geometry field enhancement factors, then the FE cur-
rent of few emitters which yield a smaller tip radius
will become saturation even if in a relatively low FE re-
gion. In this case, these emitters are named saturated
emitters; other emitters are named un-saturated emit-
ters. Thus, the FE behaviour of carbon film is gov-
erned by un-saturated emitters and saturated emitters
at an applied field. According to Gaussian distribu-
tion, in a relatively low E region, the number of satu-
rated emitters is small and the radii of these emitters
are also very small; therefore, the contribution to to-
tal FE current of carbon films from these emitters can
be neglected. On the other hand, as E increases, the
number and the radii of saturated emitters become
large, thus, the contribution to total FE current from
these emitters becomes more and more important; at
this time, the total FE current can be divided into
the saturated part (from saturated emitters) and the
un-saturated part (from un-saturated emitters). If E
becomes strong enough, the FE behaviour of carbon
film will be controlled by saturated emitters, and then
the contribution to total FE current from un-saturated
emitters can be neglected.

So, the FE behaviour will be divided into differ-
ent F regions in order to more clearly explain the FE
characteristics of NSCFs. Here, as an example, the
nano-carbon needle films (NCNFs) deposited by mi-
crowave plasma chemical vapour deposition®! are dis-
cussed. Figure 1 shows a typical FESEM image of the
NCNF. As shown in Fig. 1, we are able to estimate
the mean height (H), diameter (dy), and density (n)
of needles to be about 4 pm, 0.3 pm, and 10 mm—2,
respectively.

A typical FE current density—electric field (J-F)
curve measured by the prevenient device 913 is plot-
ted in Fig. 2. As shown in Fig. 2, field emission cur-
rent density (J) steeply increases with F increasing
at E' 5 3.3 V/um, above which there appears an ob-
vious saturation behaviour in J. The maximum J
of 67.0 mA/cm? is attained at F = 10 V/um. The

measured FE data of the NCNF will be discussed sep-
arately in the three E regions!!? according to our ex-
perimental data as follows. (i) A low E region (un-
saturated J region, E T 3.3 V/um), where the FE
behaviour is controlled mainly by unsaturated emit-
ters and follows the F-N theory. (ii) A middle F
region (partly-saturated J region, 3.3 V/umg E
4 V/um), where the FE behaviour is determined by
both partially un-saturated emitters and partially sat-
urated emitters and abides partially by the F-N the-
ory. (iii) A high F region (fully-saturated J region,
E Z 4 V/um), where all the emitters become sat-
urated and the FE behaviour completely disaccords
with F-N theory.

Fig. 1. The SEM image of a typical nano-carbon needle film.
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Fig. 2. The FE J—F data incorporating into three electric
field regions.

3. Results and discussion

3.1. FE mechanism in the low FE region

In the low E region, the following assumptions
are made: i) the field emission behaviours of all un-
saturated emitters follow the traditional F-N theory;
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ii) the work function of each emitter, ¢, is a constant;
iii) the height of each emitter, H, is constant, while
their tip radius, r, varies according to a Gaussian dis-
tribution on the carbon film’s surface; iv) the emitter
density, n, may change with electric field, but approx-
imately is a constant value in a smaller sector. In
addition, FE occurs from the surface of each emitter
tip whose area is s = 7r2.

According to the classical F-N theory, total emis-

sion current density is given by

A ¢3/2
J=——F%exp {—va , 1
71(0) 7 .
where F' is a local electric field on emitter tip sur-
face, constants A and B are combinations of electron
charge (e), mass (m), and Planck’s constant h. In the
un-saturated region, the function v(y) and ¢(y) may

be expressed asl¥

v(y) = 0.95y — 1.03y°%, t(y) = 1. (2)

So, the total emission current density may be rewrit-

ten as
Ao 3 ,—1/2
J = EF exp [1.0336 0] }

B¢3/2
F )

X exp [—0.95 (3)
where constants A = 15414 x 1079 A.eV.V—2,
B = 6.8309 x 10 eV=3/2.V.m~!, and 1.03Be> =
10.1 eV.1*%! The linear relationship between local field
value F' and applied FE is generally given as

H
F=—E. 4
- @)
The Gaussian distribution n(r) of each emitter tip ra-

dius is given by
n(r) = N/V2no? exp|—(r —10)? /207, (5)

where ro (in unit m) and o (in unit m) are the aver-
age and standard deviation of the radius distribution
of the emitted emitter tips, and N is the number of
the field emitter. So, the total emission current is ex-
pressed as

I= /st = /JWTQn(T)dT. (6)

Finally,

I = CNE? exp|—ro(D/E)] + %2(D/E)2, (7)

where C = ArH?/pexp[10.1/\/¢] and D =
0.953@3/2/H. So, F-N equation can be written as

In(I/V?) = In(CN/d?) — Ddro(1/V)
+ %2D2d2(1/V2), (8)

where d is the distance of the cathode and anode.

Figure 3 shows the F-N curve of the typical
NCNF corresponding to the J-FE plot shown in Fig. 2.
As shown in Fig. 3, FE data are fitted to a quadratic
equation given by y = a+bx+cx? in the low E region.
Parameters a, b, and ¢ can be obtained by comparing
Eq. (8) as follows:

a =1In(CN/d*), b= —Drod,
o2
c=—D%d* (9)
2
It can be inferred as
ol
2r2 b2’ ArN ’
hela—10.1/V9)/2
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Fig. 3. The F-N curve fitting to a quadratic equation in
the low E region.

The calculation results of rp = 0.28 wm and
H = 4.16 um are consistent with the observed val-
ues taken from the FESEM. Meanwhile, the values of
C and D can be estimated to be 1.568 x 10™2 and
1.73 x 108 from Eq. (9), respectively.

Figure 4 shows the J-E curves taken from mea-
sured FE data and the fitted curve taken from Eq. (7)
in the low E region. As shown in Fig. 4, the exper-
imental data in the low electric field region can be
well consistent with the results from our modified F—

N equation. In other words, the FE mechanism in
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the low F region can be reasonably explained by the
modified F-N model.
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Fig. 4. The J-FE curve and the fitting curve taken from
the modified F-N model in the low E region.

3.2. FE mechanism in the high FE region

Figure 4 shows that there is an obvious deviation
between the F-N theory curve and experimental data
when F is more than about 3.3 V/pum, which is coin-
cident with our previous experimental result.?) So, in
the high FE region, FE data cannot be interpreted by
the F-N theory. A substantial contribution of a space-
charge-limited-current (SCLC) mechanism should be
considered to explain the FE behaviour observed in
the sufficiently high FE region, because the field en-
hancement effect of each FE emitter may not work
fully at such a high E due to an insufficient screening
effect by a limited number of free electrons. In such a
case, according to the Child-Langmuir law,['617 the
SCLC density, Jsc, in the high E region is given by

Jsc = (16me0/9)(2e/m) /2 (U3/? /d?)
= Csc(U*?/d?) = Csem (B /d'/?),
Csc = (16me/9)(2¢/m)'/2. (11)
In the present case, E = fE,, = (H/r)E,,, mean-

while it is assumed that d ~ kr where k is a propor-
tional coefficient. Thus

Jsc & Csc(H/T)3/2E§I<2/d1/2
3/213/2 /(1.1/2, 2
= CscH*PE3?/(K'/1?). (12)

The emission area can be expressed as N7r? in our
model, so the emission current is expressed as

_ 3/2
Isc = KscE3/?, (13)
where
Ksc = CsemNH3/? /Y2, (14)

In order to tally well with experimental data, it
is modified as follows by considering the local electric

field enhancement effect and the nanostructure of the
NCNF:

Isc = Ksc(E — Ewm)*?, (15)

where Fy, should be considered as an excited elec-
tric field of the space charge effect. Here, Ey, can be
3.3 V/um according to our three-E region model. So,
the theoretical values of Kgc can be estimated to be
about 4.3.

As a matter of fact, the measured FE data can be
well fitted only at E Z 4.0 V/um by using Eq. (15)
as shown in Fig. 5. This means that the SCLC model
can be a strong candidate for the mechanism explain-
ing the saturated behaviour observed at the high FE
currents. Namely, the FE mechanism in the high F
region can be reasonably explained by the modified
SCLC model.
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Fig. 5. The J-FE curve and the fitting curve taken from
the corrected SCLC model in the high E region.

3.3. FE mechanism in the middle FE re-

gion

In order to facilitate discussion, we denote the FE
current which obeyed the F-N mechanism as Iry in
the low E region. In the middle F region, there is not
a simple model that can explain the FE mechanism
of the NCNF. Thus, we consider that the FE current
in the middle F region should be a combination of
Ipn obtained from F—-N mechanism and Igc obtained
SCLC mechanism. Therefore, the emission current in
the middle E region can be given as

I =kiIrn + kalsc, (16)

where k1 and ko are the introduced parameters satis-
fying
0<ky <1. (17)
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Figure 6 shows the fitted curve of measured J-F
data in the middle F region by using Eq. (16). Here,
we assume that k; (k2) changes with E increasing in
a range from 1 to 0 (from 0 to 1) and two parameters
satisfy a linear relation given by k1 + ko = 1. Accord-
ing to the three-F region model, ko can be taken from
J-E data as

ky = (X — 3.3)/(4.0 — 3.3), (18)

where the parameter X changes in a range from 3.3
to 4.0 with F increasing in our model.

As shown in Fig. 6, it is observed that the fit-
ted curve is basically consistent with the experimental
data in the middle E region. In other words, the FE
characteristics can be explained by the joint model
of F-N and SCLC mechanism in the middle F re-
gion. So, the FE behaviour in the middle E region
can be understood as follows. In the middle F region,
when a relatively low E is applied to the sample, the
FE behaviour is governed mainly by the F-N mech-
anism. With FE increasing, the influence of the F-N
mechanism on the FE behaviour is gradually weak-
ened whereas the influence of the SCLC mechanism
is gradually enhanced. Finally, the FE behaviour is
completely governed by the SCLC mechanism and the
transition into the high E regions takes place.
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Fig. 6. The J-F curve and the fitting curve taken from
the conjunct model controlled by the F-N and SCLC
mechanism in the middle E region.

4. Conclusion

Taking the nano-carbon needle film for example,
the field emission (FE) mechanism of nano-structured

carbon films (NSCFs) is successfully discussed by the
three-region electric field (E) model in which the FE
data are divided into the low, middle, and high E re-
gions. The FE characteristics of NSCF's in the low E
region are reasonably explained by the modified F-N
model written as

2
Irn = CNE®exp | —rod/D + %(D/E)Q

considering the statistical effect of the distribution of
field emitters. The discussion indicates that the cor-
rected space charge limited current (SCLC) model ex-
pressed as Isc = Ksc(F — Eh)?’/2 in terms of the
Child—Langmuir law is a strong candidate for explain-
ing the FE mechanism of NSCFs in the high F re-

gion. In the middle E region, the model given by

I = kyIpn + kolsc considering the conjunct contri-
bution of Ivy controlled by the F-N mechanism and
Isc controlled by the SCLC mechanism is obtained,
consequently the field emission data are reasonably
explained.
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