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First-principles study of field-emission properties of nanoscale graphite ribbon arrays
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We applied a simple yet accurate self-consistent method using the density-functional formalism to study the
field-emission properties of nanographite ribbons. We found some properties that are unique to nanostructure
arrays, including the field-emission current being dominated by the contribution from off-zone-center 7 states
in some of the cases because of specific wave function symmetries, and an anomalous current density depen-

dence on the inter-ribbons separation due to edge dipole effects. The applicability of Fowler-Nordheim analysis

and some related problems are also discussed.
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I. INTRODUCTION

In recent years, nanostructured materials, such as
nanotubes' and nanostructured arrays,2 have been shown to
possess superior field-emission properties. For example,
highly enhanced emission currents can be achieved for mul-
tiwalled carbon nanotubes.! These properties are related to
the special local environment on the nanometer scale and the
electronic structures of nanostructures. Understanding the re-
lationship between the local atomic configurations and elec-
tronic structures and the formation mechanism of the field-
emission current is important to further promote the
realization of nanotube-based field-emission devices and to
search for more nanostructures with potential applications in
the field emission. The traditional Fowler-Nordheim (FN)
theory® and related formulas®* are constructed for free-
electron-like metals, and should not be expected to describe
correctly the physics of nanostructures. That is why several
methods for computing field-emission current have been in-
troduced very recently.”'# For example, two groups com-
puted emission current using temporal wave function ob-
tained by solving the time-dependent Schrédinger equation,
and succeeded in explaining some field emission properties
of the nanotubes and other related materials.?%!3

As a simple prototypical system to explore the electronic
structure of carbon-based nano-materials, nanographite rib-
bon had been studied by some theoretical and experimental
groups for its special electronic structure properties in recent
years.'>23 A kind of peculiar edge state localized at the edge
carbon atoms of ribbon had been found near the Fermi level
(Er) when the ribbon has a zigzag edge (denoted as the zig-
zag ribbon).!>"'7 Dangling-bond states exist in the ribbons
without H atom termination, with their eigenenergies de-
pending on the edge type (zigzag or armchair).? In addition,
some occupied states have C-C or C-H o characters,!® and
others have the 7 bond characters between C atoms. Many of
these states may be related to the field-emission process.
Tada et al. first studied the field-emission properties of the
nanographite ribbons,®!® but they did not probe into the de-
tails of some of novel properties, especially for the ribbon
having an armchair edge (denoted as the armchair ribbon).
On the other hand, a previous study showed that the stacking
manner of the zigzag ribbons array has important effect on

1098-0121/2005/72(3)/035449(8)/$23.00

035449-1

PACS number(s): 79.70.+q, 61.48.+c, 71.15.Mb, 73.30.+y

the edge state.'” The dependence of the field-emission prop-
erties on the nanoscale structural parameters, such as the
separation distance between the nanographite ribbon arrays,
are also of interest. This system may also be viewed as a
model for studying the field-emission properties of the mutil-
walled carbon nanotubes. The nanographite ribbon can be
also used to check the validity of applying the FN analysis
method to the nanostructured systems.

In this paper, we adopt a simple ab initio method within
the local-density approximation (LDA) framework to calcu-
late field-emission currents. A similar method has been pro-
posed by Gohda et al.>'* The advantage of this method is
that it is very simple, yet the atomic and electronic structures
are considered in full vigor within the LDA formulation un-
der an explicit imposition of an external electric field (E
field), and it allows for a transparent interpretation of the
field-emission properties based on the band structure. The
method can be easily incorporated into existing LDA codes
with minimal additional computation time. We will use this
method to study some field-emission properties from the
nanographite ribbons. It turns out that this system is an ex-
cellent prototypical system to illustrate some novel and yet
subtle properties of the field emission from the nanostruc-
tures.

II. METHOD AND PROCEDURE

In the following, we will give a summary of our method.
The plane-wave expansion of wave function and a supercell
geometry are assumed. The system is periodic in the x and y
directions.

We first solve the atomic and band structures explicitly
within the LDA framework in the presence of an external £
field applied in the z direction. The wave function for an
eigenstate labeled by (n,E”) (band and k point indices) can be
written as

\P"’E”(F) - E Sk + é\\’z)ei(a‘+é")';“. (1)
Gy

In the vacuum region far enough from the slab, the E field
F is essentially constant so that the potential
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V(r) = V(z) = — eF(z — z9). (2)
In this region, the wave function can be expanded in the
linear combinations of ®,(K;,z)eXI"l terms (K,=kj+G)),
where ®_(K|,z) satisfies
&#  2meF -

{a—zz+ T(Z—Zu) d.(K),z) =0, (3)
with z, being the classical turning point for the linear poten-
tial and being determined implicitly through V(za)=s,,,,;H
~h?|K)[*/2m, where ¢, ; is the eigenenergy. The general so-

lutions  of <I)Z(I€”,z) are linear combinations of Airy
functions.?* It can be deduced that

®,(K),2) = C[Bi(9) +iAi(9)], )

as long as it represents an outgoing wave in the field-
emission problem for z>z,, where C is a constant to be
determined, é=(2meF/#%)'3(z,~7), and Ai(€) and Bi(¢) are
Airy functions.

In the vacuum region far away from the emitter so that the
self-consistent potential V(7) indeed approximates —eF(z
—Zp), we can choose a matching point z=z,, at which

fn(lzll + éll’zm) = q)z(I}H’Zm) . (5)

In addition, if the matching position z,, is far enough away
from the classical turning point z,, the Ai(§¢) component in
Eq. (4) is much smaller than the Bi(£) component. Then,

Sk Gi.2)
T (CoEen ©

It is fairly straightforward to show that the current contribu-

tion from a K|,=I€H+G” partial wave of the nth band is given
by

. _h w, = 0D (I%H,z) 4 [ 2meF\\3
J”J;HJfGH = ;Im|:CI)Z (KH’Z)Z(Q—Z = |C|2% P .
)

The total current energy distribution (TED) can then be writ-
ten as

JE) =22 8E =&, ) mEni) i (8)

n,kH

and the total field-emission current density is

Jtotalsz(E)dEs (9)

where

|fn(/€H + éH,Zm)|2 b [ 2meF\3
-3 A
' G |Bi|:(2rZ§F)%(Za—zm)]|2 mm\ #

and 77(8;1,12“) is Fermi-Dirac occupation function factor.
In this method, it is important to choose an appropriate
matching point (z,,), at which. (i) the potential should be
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FIG. 1. (a) Structural schematics and (b) orientation of the unit
cell for the nanographite ribbons with edges saturated by H atoms
(open circles). The boundaries of primitive cells in the y direction
are shown using the dashed lines in (a), and the E field F is repre-
sented by an arrow in (b).

essentially linear (required for matching the wave function);
(i1) the numerical noise in the wave function obtained from
the first-principles calculations should be small enough; (iii)
the Ai(¢) component in Eq. (4) is much smaller than the
Bi(£) component. The allowable value of z,, is typically 6 to
8 A above the emitter surface. So this method demands that
the vacuum layer be thick enough (generally >20 A) and has
a maximum allowed E field value depending on the system.

The functions f,,(l€”+G”,z) are obtained by performing stan-
dard plane-wave pseudopotential calculations. We used the
Vienna ab initio simulation package (VASP),>~?7 and the
static E field is imposed by putting a positive charge sheet in
the vacuum on one side and a negative charge sheet on an-
other side of the slab.?®

Figure 1(a) shows the atomic structures of the nanograph-
ite ribbon arrays with two kinds of edges (zigzag and arm-
chair), and the coordinate axes are defined in Fig. 1(b). The
nanoribbon arrays comprise of graphitic strips that are infi-
nitely long in the y direction with primitive cells that mea-
sure 4.32 and 2.49 A for the armchair and zigzag ribbons,
respectively. Five values of inter-ribbon distance (D,=5, 10,
15, 20, 25 A) are considered. The E field is imposed in the
vertical (z) direction [Fig. 1(b)], and the supercell has a
vacuum thickness of 26 A in the z direction. We use ultrasoft
pseudopotentials®® and the generalized gradient approxima-
tion (GGA),*® with a plane-wave cutoff of 211 eV. The k
points are sampled on a sufficiently dense grid in the two-
dimensional (2D) Brillouin zone (BZ), such as (24 X28
X 1) for the armchair ribbon. The atomic positions were re-
laxed until the magnitude of the forces became less than
0.1 eV/A, which also converged the total energy to within 1
meV. Our formulation allows the imposition of an E field up
to about 0.3 V/A for this system. We set the temperature for
determining 7](8,1’];”) to be 78 K and z,, to be 7 A away from
the ribbon edge. The qualitative features of the emission cur-
rent are nearly independent of the temperature.

III. RESULTS AND DISCUSSION
A. k-resolved emission current and wave function symmetry

Figure 2 shows the TED curves of the current emitted
from four types of nanographite ribbons (pristine or H termi-
nated with zigzag or armchair edge) under an E field of
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FIG. 2. TED curves of the emission current from four types of
ribbons (D,=5 A, F=0.2 V/A) with k points being sampled in the
full BZ for our calculations: (a) pristine zigzag; (b) H-terminated
zigzag; (c) pristine armchair; (d) H-terminated armchair.

0.2 V/A. For the pristine and H-terminated zigzag ribbons,
our results are indeed similar to the previous calculations.?
We note that the simulations of Tada ef al. imposed a higher
E field of 1 V/A (such a high field is beyond our formalism),
so the current magnitude will be different, but a qualitative
comparison of the energy distribution should be possible.
The results for two types of zigzag ribbons can be explained
by examining their band structures, as discussed by Tada et
al.® Figure 3 gives the band structures for four types of rib-
bons. There are flat dangling-bond bands crossing the Ep
near the BZ center for the pristine zigzag ribbon [Fig. 3(a)],
giving rise to a strong field-emission current. These bands
are removed when the edge is passivated with H atoms [Fig.
3(b)]. Although the H-terminated zigzag ribbon remains me-
tallic, there is very small emission current near E for the
H-terminated zigzag ribbon according to Eq. (10) since the
states near Ep (including the well-known edge states) have
larger ISH and thus larger z, values.

The cases of armchair ribbons are more subtle. Our results
show that the main peaks are all located near Ej for the
pristine and H-terminated armchair ribbons, but in the results
of Tada et al. these peaks are a few eV below Ez.8 In these
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FIG. 3. Band structures of four types of ribbons with D, =5 A
under an E field of F=0.2 V/A: pristine zigzag; (b) H-terminated
zigzag; (c) pristine armchair; (d) H-terminated armchair.
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FIG. 4. (Color online) Contours of constant lgu—resolved emission
current density in the 2D BZ for four types of ribbons with D,
=5 A under an E field of F=0.2 V/A: (a) pristine zigzag; (b)
H-terminated zigzag; (c) pristine armchair; (d) H-terminated
armchair.

two cases of armchair ribbons, the energy of the highest
occupied state (or the valance band top) is defined as Ep,
which is the same as the calculations of Tada er al.® In fact,
the energy gap near Ep will decrease to zero in the limit of
very large z direction width of the armchair ribbon.'> From
the band structures for two types of armchair ribbons [Figs.

3(c) and 3(d)], the highest occupied state is just at I point, so
the small contribution of the highest occupied state and the
states close to its energy to the emission current in the results
of Tada et al.® cannot be explained by the 12” effect as dis-
cussed in the case of H-terminated zigzag ribbon.

The difference between the results of Tada et al.® and ours
for two types of armchair ribbons actually highlights the
field-emission properties of nanostructures. In Fig. 4, we
show the contours of E”—resolved emission current in the 2D
BZ for all four types of ribbons. We can see that most of the

contribution to the total emission current comes from I” point
and its vicinity for the pristine and H-terminated zigzag rib-
bons, but for the pristine and H-terminated armchair ribbons,
most of the total current comes from a region that is off the
high-symmetry lines [centered at the 12” point (0.25I'X,
0.07T'Y)]. We note that we sampled the full BZ, while the
calculation of Tada er al.® sampled k points only along the
I'Y line, which is basically fine for two types of zigzag rib-
bons, but missed much of the current contribution for the
armchair ribbons. In fact, when we use the k points setting of
1X28X1, i.e., only along I'Y, which is similar to the calcu-
lation of Tada et al.,® the main peaks in the TED curve for
two types of armchair ribbons [Figs. 5(c) and 5(d)] are in the
same energy range as in the results of Tada et al..}
Equation (10) shows that for the occupied states, the k-
and band-resolved emission current is the product of the fac-

tor |f,(ky.z,,)|* and a tunneling factor

L(M)IB
L7 _ am\ #2
g(sn,ku,ku,Zm) - |Bl[(2,z_§p) 1/3(Za _ Zm):||2 . (l 1)

For simplicity, here we only consider the G;=0 term which
dominates the emission. Generally, r point emission is the
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FIG. 5. TED curves of the emission current from four types of
ribbons (D,=5 A, F=0.2 V/A) with & points being sampled only
along I'Y line in the BZ for our calculations: (a) pristine zigzag; (b)
H-terminated zigzag; (c) pristine armchair; (d) H-terminated
armchair.

strongest since z,, is smallest at l€H=O for the same energy,
giving rise to a big tunneling factor g(sn,,;”,lg”,zm). This is just
the k; effect as mentioned before. As for the |f,,(k;.z,,)|* fac-
tor, we can deduce

ki) 2= | < W, (P10 -z,) > (12)

according to Eq. (1). Then,

|fn(]€|| = Ovzm)|2 = ‘ f j \P””;u(;)ds
Sm

2
, (13)

where S,, is the z=z,, plane. If an eigenstate at the I" point
(l€||:0) has at least one nodal plane of the wave function
perpendicular to the xy plane (denoted as m,# 0 state), the
integral of its wave function on the S,, plane will be zero due
to the symmetry, and we will obtain a vanishing |f,(k;,z,)[*

factor. This kind of T state has no contribution to the emis-

sion current. For other T states, there exist the large lobes of
the wave functions sticking out into the vacuum (denoted as
m,=0 states, similar to s,p, and dg orbitals), so the integrals
of their wave functions on the S, plane, i.e., |f,(kj,z,)|% are
nonzero and these states will contribute to the emission cur-
rent. Similar arguments about the effect of wave function
symmetry on the field emission had been suggested in pre-
vious papers.!?31:32

The above I' point symmetry selection rules are relaxed
when we move to EH # 0. So, something interesting happens.
While the emission usually comes from the BZ center since
the parallel momentum is the smallest, the 12” #( states on a

band of which the T" state is m,# 0 state (denoted as m, # 0
band) can contribute more to the field-emission current if it

happens that all T states near Ej are m, # 0 states and inhib-
ited by the symmetry. The chance of encountering such a
situation is high in the cases of nanostructures because of the
sparseness of their energy levels. For the armchair ribbon,
this is precisely the case: the highest m,=0 occupied states
that can emit at the BZ center [indicated by “B” in Fig. 3(c)]
are about 1.9 eV below Ep, but there is a m,# 0 band [of

which the T state is indicated by “A” in Fig. 3(c)] near E.
Figure 6(b) is the real part contour of wave function for the

PHYSICAL REVIEW B 72, 035449 (2005)

(@)

-0.006000
-0.005000
-0.004000
-0.003000
-0.002000
-1E3

y (&)

1E-3

0.002000
0.003000
0.004000
0.005000
0.006000

(b)

01750
0.1563
0.1375
-0.1188
-0.1000
-0.08125
-0.06250
-0.04375
-0.02500
-0.006250
0.01250
0.03125
0.05000
0.08875
" 0.08750
0.1062
0.1250

z(A)

0.1437
0.1625
0.1812
0.2000

70

FIG. 6. (a) Contour of real part of the wave function for the state
“A” [see Fig. 3(c)] in the plane z=2.0 A away from the ribbon
edge; (b) contour of real part of the wave function for the state “B”
[see Fig. 3(c)] in the plane of the ribbon strip. The open circles
indicate the positions of the carbon atoms in-cluding four atoms at
the pristine armchair ribbon edge: “C1,” “C2,” “C3,” and “C4.”

state “B” in the plane of the ribbon strip, showing that this
state is of the dangling bond state type?® and has o bond
character between the edge carbon atoms C, and Cj. The
state A is of 77" bond originating from the p, orbital of carbon
atoms, and the real part contour of its wave function in the
plane z=2.0 A away from the ribbon edge is shown in Fig.
6(a). So, the following two effects are in competition: the
emitting states should have energies as close to Ep as pos-
sible, but at the same time they should be allowed by the
symmetry to emit. As a compromise, the off-zone-center
states on that m_# 0 band near Ex contribute to most of the
field emission current. The same mechanism works in the
case of the H-terminated armchair ribbon. The emission cur-
rent from those m,=0 occupied states including the dangling
bond state B still exists in the TED curve, but the magnitude
is much smaller [see Figs. 5(c) and 5(d)] because of their
lower energies, and so the corresponding peaks do not show
up conspicuously in the TED curves when k points is prop-
erly sampled in the full BZ [Figs. 2(c) and 2(d)]. This pecu-
liar behavior of the emission from the armchair ribbons is
not because of the inter-ribbon interaction. The TED of the
emission current is qualitatively similar for different inter-
ribbon distances D, (=5 A)as long as the full BZ is
sampled.
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FIG. 7. Contour of real part of the wave function for the dan-
gling bond state at Ex and T point of the pristine zigzag ribbon in
the plane of the ribbon strip. The positions of the carbon atoms was
indicated by using the open circles.

As for the cases of two types of zigzag ribbons, the states
contributing to most of the emission current are m_ =0 states.

For example, the dangling bond state near E and at I" point
of the pristine zigzag ribbon originates from the p, orbitals of
the edge carbon atoms. Figure 7 shows the real part contour
of its wave function in the plane of the ribbon strip. So most
of the contribution to the total emission current comes from

the T point and its vicinity for two types of zigzag ribbons.

B. Geometrical and other related factors

For an array of nanostructures, their separation will affect
field-emission properties, at least for the reason of the well-
known field enhancement effect. As for the system of a nan-
ographite ribbons array, the inter-ribbon (lateral) distance D,
is an important structural parameter for determining the effi-
ciency of field-emission. Figure 8 gives total field-emission
current density values J,, for different inter-ribbon dis-
tances D, in an E field of 0.2 V/A. We find that for the
pristine ribbons, the emission current densities J,,, increase
when the inter-ribbon distance D, is enlarged, but for the
H-terminated ribbons, the current densities J, initially de-
crease and finally increase when D, is enlarged. It should be
noted the above behaviors are independent on whether the
ribbon edge is zigzag or armchair. Such a behavior is rather
anomalous, since the geometrical field enhancement effect is
not dependent on the edge structure of the ribbon and should
result in the same trend of the emission current for all types
of ribbons. The inter-ribbon interaction should be very small
when D, =35 A, so the observed changes are not induced by
the band structure effect.

The FN formulas® show that the emission current depends
on the work function of the emitter surface very sensitively.
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FIG. 8. The total field-emission current density for four types of
ribbons with different inter-ribbons distances D, under an FE field of
F=02 V/A.

This suggests that the anomalous behaviors of J,;—D, plots
may be related to the special dependence of the work func-
tion on the inter-ribbon distance D,. Through explicit calcu-
lations we found that when the ribbon strips are closely
spaced, the work function of the system actually depends on
D,. Figure 9(a) presents the work functions ¢gga of four
types of ribbons with different D, by our GGA calculations.
We find that when D, is not too large, the dependence of the
emission current density J,, on the inter-ribbon distance D,
mainly originates from a special relationship between the
work function ¢gga and D,, and this phenomena is due to an
edge dipole effect. It is rather unique in an array of nano-
structures, and can be explained as follows. According to
Wigner and Bardeen’s theory,® the work function of a ma-
terial surface can be written as

eP

gA’
where u is the chemical potential in the interior of the ma-
terial, P and A are, respectively, the surface dipole moment

and the area per surface primitive cell. For the nanographite
ribbons arrays, Eq. (14) becomes

p=—pun (14)

eP, 15

p=—pu soD.D,’ (15)

where P, is the edge dipole moment per xy-plane primitive
cell of one ribbon strip, and D, is the length of the primitive
cell along the y direction, i.e., along the ribbon strip edge
direction [see Fig. 1(a)]. P, is essentially determined by the
electronic properties of a single ribbon, and is almost con-
stant when D, is large enough (D=5 A). For the pristine
nanographite ribbons, the dangling bond states result in a
negative edge dipole moment (pointing into the ribbon),
causing ¢ to decrease with increasing D,. Figures 10(a) and
10(b) show the local Coulomb potentials, that are averaged
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FIG. 9. (a) Calculated work function ¢ggs for four types of
ribbons with different inter-ribbons distances D, and (b) plots for
dGaa versus 1/D,.

in the y direction with x coordinates fixed in the middle plane
between the ribbon strips and in the plane of the ribbon strip,
along the z direction for the pristine zigzag and armchair
ribbons with D, =5 A in zero E field. One can see that for the
y-averaged potential in between two ribbon strips [solid lines
in Figs. 10(a) and 10(b)], it increases from the “interior” to
the vacuum region, which is an obvious evidence of the
negative edge dipole moment for the pristine ribbons. For the
H-terminated nanographite ribbons, the edge dipole moment
is positive (pointing out) because the dangling bonds are
saturated and the electrons are mainly localized between car-
bon and hydrogen atoms, so ¢ increases when D, is in-
creased. Figures 10(c) and 10(d) present evidence of the
positive edge dipole moments for the H-terminated zigzag
and armchair ribbons. In Fig. 9(b), the plots of ¢gga versus
1/D, obtained from our GGA calculations also suggest a
dependence of work function on the D, similar to Eq. (15).
Such a change of the work function due to the change of
edge dipole density P,/(D,D,) causes the initial increase
(decrease) of the emission current from the pristine (H-
terminated) ribbon according to the FN formulas.?

Of course, the classical field enhancement effect still ex-
ists in the cases of these ribbons. As a geometrical effect, it
always enhances the field emission current density when D,
is enlarged since the local E field near the ribbon edge is
always higher for the larger D,. The effect due to the dipole
density and field enhancement reinforces each other for the
cases of the pristine ribbon, so the total emission current
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FIG. 10. The y-averaged local Coulomb potentials with x coor-
dinates fixed in the middle plane between the ribbon strips (solid
line) and in the plane of the ribbon strip (dashed line) along the z
direction for four types of ribbons (D,=5 A, F=0): (a) pristine
zigzag; (b) pristine armchair; (c) H-terminated zigzag; (d)
H-terminated armchair. The z-coordinates of all atoms are indicated
by using the dot lines.

densities J,, always increase when D, is enlarged. But in
the cases of H-terminated ribbons, these two effects are op-
posite. When the inter-ribbons distance D, is large enough,
the decreases of emission current densities induced by the
edge dipole density effect turns to be slower because 1/D,
has been close to zero. So the field enhancement effect begin
to determine the trend of emission current density J,, with
increasing D,, as shown in Fig. 8.

C. The applicability of Fowler-Nordheim analysis and
related problems

FN analyses are frequently applied to the field emission
studies for the nanotubes and other nanostructures. An im-
portant purpose of the FN analyses is to obtain the work
function of the emitter surface. We examine here whether the
work function value obtained from the FN analyses is the
same as the real work function of the nanostructure system.

Figure 11 shows FN plots for four types of ribbons with
the inter-ribbon distance D,=5 A. One can see that all lines
are rather linear up to 0.3 V/A. In Table I, the work func-
tions deduced from the FN formula®

oo & F2 e-(4\%/3he)¢3/2r1’ (16)
and also the image-potential corrected FN formula* are com-
pared with the work functions obtained directly by our GGA
calculations. We can find poor agreement for the case of
H-terminated zigzag ribbon. The FN theory assumes that the
emitter is of free-electron-like type, and the most of emission
current comes from the states near E. But in the case of the
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FIG. 11. The FN plots of the total emission current density per
the primitive cell along the ribbon edge (unit: wA/nm) for four
types of ribbons with D,=5 A.

H-terminated zigzag ribbon, the states at about 3 eV below
Ep contribute to the most of the emission current. The work
function obtained from the FN plot for the H-terminated zig-
zag ribbon actually reflects the energy difference between the
vacuum level and those states contributing to the most of the
current. For two cases of the armchair ribbons, we find that
the work functions deduced from the FN formula fitting are
about 5-7 % larger than those calculated by the GGA. This
departure can also be understood by considering that the
eigenstates contributing to the most of the current are at

about 0.2-0.4 eV below Er, and that these states are not at
point. In fact, the work function deduced from the FN plot
can be regarded as an “effective” work function

h2|1?ﬁ" 2

m

Pefi = ¢+EF_8,L/§H+ om (17)

where €” - and k" are the eigenenergies and k point indices
n.k Il

of the states contributing to the most of the current. This
simple modification may make FN formula consistent with
the field emission experimental results of nanostructures for
the weak to moderate E fields. In addition, we should not
assume that the FN plot still remains linear under the higher
E field as it is always dangerous to extrapolate.

We also noted that the edge dipole moment density is
positive (negative) for the H-terminated (pristine) ribbon,
causing the H-terminated ribbons to have much lower work
functions (see Table I). Similar results had also been ob-
tained by the calculations of Ramprasad et al.’* This ac-
counts for the much higher emission current density from the

TABLE I. Work functions (units of €V) of four types of ribbon
arrays with D=5 A: ¢y (deduced from the FN formula), ¢py.ip
(deduced from the image-potential corrected FN formula), and
dcaa (calculated directly by the VASP using the GGA).

N PENIP PGca

Pristine zigzag 6.19 6.24 6.23
H-terminated zigzag 6.67 6.72 3.48
Pristine armchair 5.51 5.57 5.26
H-terminated armchair 3.83 3.92 3.58
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H-terminated armchair ribbon than that from the pristine
armchair ribbon (see Figs. 8 and 11). However, the emission
current from the pristine zigzag ribbon turns out to be much
higher than that from the H-terminated zigzag ribbon, even
though the latter has a lower work function. That is because
there happens to be a dangling bond band right near E for
the pristine zigzag ribbon, which was removed by the
H-saturation for the H-terminated zigzag ribbon. This also
causes the “effective” work function of the H-terminated zig-
zag to be apparently larger than its actual work function as
mentioned above.

From Fig. 11, we can see that the emission current density
from the pristine zigzag ribbon is lower than that from the
pristine armchair ribbon when the external E field F
<0.2 V/A, consistent with the fact that the work function of
the former is higher than that of the latter; but when the E
field is high enough (such as 0.3 V/A), the emission current
density from the pristine zigzag ribbon is higher than that
from the pristine armchair ribbon. As discussed before, the
emission current is determined jointly by two factors: the
factor |f,(ky.z,,)|> and the tunneling factor g(s,,,,;u,la‘,zm). The
tunneling factor brings a specific relationship between the
emission current and the external E field, and this relation-
ship makes the FN plot for the material with a higher work
function have a larger slope [see Eq. (16)], i.e., the current
increases more rapidly when the E field is enhanced. The
factor |fn(12”,zm)|2 is related to the properties of wave func-
tions of the states contributing to the most of emission cur-
rent as discussed before. Considering the fact that the most
of emission currents from the pristine zigzag and armchair
ribbons are from the m, =0 dangling bond states at Er and
the m,#0 C-C 7 bond band near Ej respectively, we can
deduce that the |f,,(k;,z,,)|* factor of the former is larger than
that of the latter. Since the pristine zigzag ribbon has the
larger slope of FN plot and [f,,(/a‘,zm)|2 factor than the pris-
tine armchair ribbon, the emission current from the former
can exceed that from the latter when the E field is larger than
some value, as shown in Fig. 11.

IV. SUMMARY

We used a first-principles method to study the field emis-
sion from the nanographite ribbon arrays. We found that the
field emission properties of these nanostructures are complex
and subtle, and the energy distribution and intensity of the
emission current are the result of the competition of many
factors. These factors include band structure effect, wave
function symmetry, edge dipole effect and field enchance-
ment effect. The calculations for the nanoribbon serves to
illustrate these points.
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