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Role of the localized states in field emission of carbon nanotubes
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We have performedb initio pseudopotential electronic structure calculations for various edge geometries
of the (n,n) single-wall nanotube with or without applied fields. Among the systems studied, the one with a
zigzag edge exposed by a slant cut is found to be the most favorable for emission due to the existence of
unpaired dangling bond states around the Fermi level. The next most favorable geometry is the capped
nanotube wherer-bonding states localized at the cap and pointing in the tube axis direction occur at the Fermi
level. A scaling rule for the induced field linear in the aspect ratio of the tube is also obtained.

The carbon nanotub@NT) is an ideal material to make In Fig. 2, the total density of statdDOS) around the
field emitters because of its unusually high aspect ratio aEermi level is plotted with solid lines. All systems except the
well as mechanical and chemical stability. Many experi-H-CNT have localized states near the nanotube edge. To
ments with single-walt? and multiwalf~’ carbon nanotubes investigate these localized states more closely, the local den-
have demonstrated a relatively low threshold voltage of elecsity of stategLDOS) around the end region is calculated and
tron emission with litle sample degradation. Recently, flatshown by dashed lines in Figs(t2 and Zc). Energy levels
panel displays fabricated with the CNT’s as emitters haveof the localized states induced by the topological defects
been demonstratédFurthermore, advancements in fabrica- (pentagonsin the CAP-CNT are known to depend on the
tion technology make it possible to generate a self-aligned orelative positions of the defe¢fs’ and the pentagons are
a patterned CNT on a glaser silicon substraté® implying  assumed to be separated from each other here as found in
that commercial production of CNT-based field emission disRef. 16. The LDOS of the CAP-CNT is in reasonable agree-
play may be possible in the near future. ment with previous resultS~!" In Fig. 2(d), the LDOS of

In spite of the accumulating experimental data, realistithe SC-CNT at the two topmost atortthe sharp edgeand
guantum mechanical calculations on the field emission of théhat at the eight side atoms on the slant-cut cross section are
CNT are still scarce. The simplistic view of the CNT as ashown in dotted and dashed lines, respectively. Descriptions
jellium metallic emitter based on conventional Fowler- of the different characters of these two will follow, and Fig.
Nordheim theory could not explain the entire range oflthe 2(e) will be explained later in the context of the applied field.
V datd'” and a critical analysis of the electronic structure on  In Fig. 3@, we show one of the localized states in the
a more fundamental level is required. In this study, we per-
form ab initio pseudopotential electronic structure
calculations™*? with or without applied fields. We focus on
the end geometries of the CNT where the electron emission - 4 -
actually occurs and try to find the optimized tip structure for .
field emission. The model systems are periodically repeated ' .
in a tetragonal supercell with the tube axis lying in the N
direction. The plane-wave-based calculations with a cutoff _ '
energy of 35 Ry have been done mostly for~&20x 20 b
%30 A unit supercell. To check the convergence of our
results for larger systems, we have also used localized basis (a) (b)
functions™ in the ab initio pseudopotential calculations with
the density grid corresponding to 60 Ry and have been able
to enlarge the tube size up to four times.

We consider various end geometries of the CNT. The side
views of the upper part of th,5) CNT’s are shown in Fig.
1. The bottom(not shown of the tube body is terminated
with hydrogen atoms for computational convenience. We \
call (a)—(d) the H- (hydrogen-attachgdFC- (flat-cu, CAP- .
(capped, and SC- (slant-cu CNT'’s, respectively. The I \\. '
H-CNT represents a situation where the dangling bonds are = 2
chemically stabilized by ambient hydrogen. In the CAP-CNT
model, the tube end is capped with a pathemisphergof (C) (d)
Cso having six pentagons. In the FC-CNT and SC-CNT, on
the other hand, dangling bonds remain unsaturated. Relaxed FIG. 1. Edge structures studied in this work) H-CNT, (b)
geometries are obtained from computationally less demand-C-CNT, (c) CAP-CNT, and(d) SC-CNT (see text for abbrevia-
ing tight-binding calculation$? tions).
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TABLE I. Averaged local field within 3 A outside the tip as a
function of the tube length for a CAP-CNT. The applied field is
varied so that its product with the tube length is fixed at 10 V.

(@)

/\/\ A /\/\é/\/\/f\/\/.\?i)

AV, FAN /\ A
-_ o~V 77 IR . A2 -

Tube length(A) 11.3 237 36.0 483 606 729
Ejoc (VIR) 200 129 108 090 087 0.87

DOS

(d) strength is usually a few YW/m and the length of the CNT is

A a few um, resulting in~10 V difference in the applied
W/\f\ /\N\A/\J/\ VAN /\,\/‘ potential between the tube ends. It has been well established
(© that field emission typically occurs when the actual field at
/\“/\M/\M /\ A /\/\ the tip is~0.5 V/A |, corresponding to a field enhancement
-3 -2 1 0 1 2

i factor of ~1000 in the present experimental situation. Since
Energy (eV) the system size is severely limited in the initio calcula-
tion, it is a serious issue whether one can mimic the realistic
situation and extract meaningful information on field emis-
gion throughab initio calculation for small-size tubes. After
many different calculations, we find the following trends as

differentiated as explained in the texe) is the DOS of the SC- summarized in Table |. We apply a uniform field across the

CNT with the applied field of 0.4 V/A , presented for comparison sypercell such that the potential d_ifference across the tube
with (d). (i.e., between the two tube ends fixed at 10 V for each

case. For instance, for 23.7, 48.3, and 72.9 A tubes, the ap-

FC-CNT whose energy level is indicated by an arrow in Fig.Plied field strengths are 0.42, 0.21, and 0.14 V/A , respec-
2(b). Interestingly, two adjacent dangling bonds join at thetively. The resulting totalapplied + induced field at(to be
backbond position of the originap? configuration. The Precise, just outsidehe tip of the tube is listed in the table,
character of the orbital is slightly lost in thesp? hybridiza- ~ Showing saturation behavior of the total field when the tube
tion. Because of these additional bonds, the C-C bond lengtigngth is beyond~60 A . Wealso find that the total field
in the top layer is 1.27 A compared with the ideal C-C dis-inside the tube is practically zeftess than a few percent of
tance in a perfect nanotub@.41 A), corresponding to a the applied fielgl indicating that the screening of the applied
strong double bond. Two types of localized states are idenfield inside the tube is very effective. Since the discontinuity
tified in the SC-CNT model. In Fig.(8), the topmost atoms N the electnc_flel_d is _equal to the surface charge dens_|ty, the
on the armchairlike edgestates at-1.8 eV indicated by an @bove behavior implies convergenteaturation of the in-
arrow in Fig. 2d)] show a similar backbonding as in the duced electronic charge at the tip for tube length&0 A.
FC-CNT, while the individual dangling bonds on the side (Even for a tube as short as 36 A , the deviation from the
edge[indicated by an arrow at 0.1 eV in Fig. 2d)] remain converged va]ue is W|th|n~25%) This behavior |s_useful
unpaired since they are far apart from each other along th#r extrapolating to the realistic long-tube—small-field case
zigzag edge. Since the interaction between them is weak, théhich is hardly accessible withb initio methods. Another
energy splitting is small, resulting in a large LDOS at thetest we have made is to increase the apphed_ﬂeld for a given
Fermi level as indicated by the dashed line in Fig)20n  tube geometry35 A long FC-CNT, and obtain the corre-
the other hand, the energy splitting between the bonding angpPonding local field just ou't3|de. the.t|p. A linear relation is
antibonding states is rather significant8 eV) for the states ~ found as long as the applied field 0.1 V/A . Table |
localized at the armchair edge, as shown in the two separafdiows such a relation and it can be fitted wil,
dotted curves. =4.5%F,,, —0.19 (V/A). The shift (-0.19) is due to the

A sawtooth-type potential is applied along the CNT axisfact that the screening by localized states cannot occur until
to simulate a uniform external electric field in the supercelithey begin to fill. Combining these two results and using

geometry. In the experimental situation, the applied fieldindepend.ent calculgtions as well, we find that, for a given
applied field, the field enhancement factgrat the edge

scales linearly with the tube length

FIG. 2. TDOS(solid line and LDOS(dashed or dotted lings
corresponding to each structy@—(d)] in Fig. 1. The Fermi level
is set to zero. The LDOS represents the states localized at the top
the nanotubes in Fig. 1. Ifd), the dashed and dotted lines are

n=al. (1)

For instancex for a SC-CNT with diameterfo7 A is ap-
proximately 0.17(with | given in A) as will be described

b c
®) © TABLE Il. Averaged local field witha 3 A outside the tip as a
FIG. 3. Electron density of the localized states whose energyunction of the applied field for a 35 A long FC-CNT. The data are

levels are indicated by arrows in Figs(b2 and 2d). (a) is the  well fitted with a straight line.
localized state of the FC-CNT at 2.6 eV and(b) and(c) are the
localized states of the SC-CNT at1.8 eV and—0.1 eV, respec-  Egpp (VIA) 0.17 0.23 0.5 0.83
tively. The electron density is evaluated on the nanotube surfaces, . (V/A) 0.57 0.87 2.06 3.59
and the contour interval is 0.08A 3.
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4.5 T T - - - - - considered as contributions from the localized states inherent
FC-CNT -------- | to the tip structures in Figs.(4)—1(d).
SC-CNT —— A striking feature in Fig. 4 is the prominent potential peak
§ and the corresponding high field enhancement of the SC-
CNT among the model systems. The average induced fields
within 3 A from the peak position to the riglttacuum re-
1 gion) are 0.53, 0.58, 0.65, and 1.03 V/A f¢@)—(d) geom-
NN etries, respectively. The aforementioned extrapolations to a
57 e realistic 2 um long tube lead to the field enhancement fac-
. tors of 1700, 1900, 2100, and 3300, respectively, which
~ compare favorably with the experimental values of 3600
P (Ref. 2 or 1300? A greater enhancement factor for the SC-
05 L L L L L L —— CNT than the CAP-CNT is consistent with experirﬁ’eMn-
I N 6 8 10 gidering that the multiwall open CNT used in experiment
should have some unsaturated dangling bonds like the SC-
FIG. 4. Coulomb potential generated by the induced charge an€CNT studied here. One might expect that the highest induced
plotted in the tube axis direction when an external field of 0.17 V/Afield in the SC-CNT should originate from its sharpest arm-
is applied for~ 35 A long tubes. The distance is measured from thechair edge(hence the highest field enhancement factor ac-
edge of the tube. cording to classical electrostatjiaamong the structures stud-
ied. However, when we probe the induced electric field very

below. Equation(1) is distinguished from the result for a closely all over the space, we find that the region around the

conventional metallic prolate spheroig~m?/In(2m)—1 for zigzag side edge has a field at least as large as that of the
largem, wherem is the aspect ratio. topmost atoms. To identify the origin of the high field unam-

Now we examine the change in the electronic structuréﬁiguousw' we .have performed the same calculation for a
caused by the field in detail. In Fig(&) shown above, the Ilar;-gut (%2"% T|gza?(—t¥jpe tnar;ottut)ti. :/\(e E:‘d gghca&)r C\?Vu'
DOS for the SC-CNT under the applied field 0.4 V/A) is ° potential peax gentical to that In the ) - W€

. SR conclude that the unpaired dangling bond states at the Fermi
plotted as a representative case. Comparing it with Rig. 2 level under an applied field, which exist in both the SC-

for the zero field case, we notice that the localized Iev<_a|s afn,n)-CNT and the FC-(8,0)-CNT, are mainly responsible
the armchair edgédotted curvepundergo a downward shift. ¢, yhe highest potential peak, i.e., the largest induced field
The states localized on the zigzag chain sides of the edge afgard the anode side. Therefore, the most favorable tip ge-
partially occupied for the zero field in Fig.(® (dashed ometry for field emission in our study is the open tube with
curves and their occupation increases as the field is tume‘%igzag-type edge where unsaturated dangling bond states can
on. Such a situation is commonly observed in the field emisgxist. We also emphasize that the lobes of these dangling
sion of metallic tips with atomic adsorbatésSince these hond wave functions are directed toward the anode side and
states are located at the Fermi level under the applied fieldheir overlap integral with the tail of the free-electron-like
they are the first to be emitted across the barrier to the anodstate from the anode side of the barrier is relatively large
The increase in occupation of the dangling bond states iémeaning a large emission probabi)ityvhile the 7-electron
approximately 0.& per edge atom. The downward shift of states on the tube body lie perpendicular to the emission
the localized states by the field occurs in the FC-CNT andlirection and the corresponding overlap integral is much
CAP-CNT as well. Shifts of the localized states are pinned asmaller.
they begin to be occupied, hence these localized states stay atlt is interesting that the CAP-CNT has the next highest
the Fermi level for a wide range of the field strength. Thepeak in Fig. 4, higher than that of the FC-CNT. The occupa-
occupation of the localized states has the effect of repulsingion of the 7 states in the hemispherical region of the CAP-
the 7 electrons and suppresses the increase in amplitude &NT easily increases as the external field is turned on and
the 7 states at the edge. Actually, the sum of the accumueontributes to the induced field efficiently because the states
lated charge does not vary too much from structure to strucare at the Fermi levél’ Since ther electron at the top of the
ture. hemisphere points to the anode side, the overlap integral
The accumulated charge at the end of the CNT as dementioned above is reasonably large in this case. We also
scribed above enhances the local electric field, which is theote that, although the H-CNT has a relatively small induced
driving force of field emission. For a quantitative analysis,Coulomb potential, its magnitude is still appreciable in Fig.
we calculate thehangein charge density under an applied 4. The accumulated charge here is the usual metatlic
field of 0.17 V/A using anab initio method with localized states. Our results show that both the localized states and the
orbitals and plot the resulting Coulomb potential for an iso-metallic 7+ states can contribute to the field enhancement. We
lated tube along the tube axis in Fig. 4. The down slope orhave also calculated the effects of the image potential and the
the left of the peak is essentially the negative of the appliegeriodic array of emitters self-consistently, but the details
field which screens out the applied field inside the tube. Thevill be described elsewhere.
down slope on the right of the peak, on the other hand, is the In summary, we have studied the electronic structure of
induced field that reduces the potential barrier when elecvarious edge shapes of a single-wall nanotube with or with-
trons are emitted across the vacuum barrier to the anode sideut external fields. A linear scaling behavior of the field en-
The difference between the H-CNT and other systems can begancement factor as a function of the tube length has been

Potential difference (eV)
\*]
[3,]
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obtained. Open tubes with dangling bonds at the zigzag-typmultiwall CNT cases, the saturatéthreefold coordination
edge are predicted to be the most favorable for field emissioof all edge atoms by bridging carbon atoms cannot occur in
among the structures considered here. Capped nanotubgeneral because of the the incommensurability between
with 7-bonding states localized at the cap region are the nexieighboring coaxial tubes, and there should remain some un-
most favorable structure. The question arises whether opesaturated dangling bonds during the emission process con-
tubes remain stable. It is likely that hydrogen atoms or othefriputing to the field emissioft Existing experimental data
ambient atoms and molecules cap the reactive danglingo not yet give information on the dependence of the emis-
bonds of the open nanotubes. Since the energy barrier frogjon efficiency on the detailed tip structure. Our study pro-

an open tube to a closed one increases with the tube radi”ﬁoses a high-efficiency edge structure which can signifi-

carbon nanotubes with a large radius used for real field emistfantly improve the field emission performance. We also note

S|ton purposels m?y sta¥ optgn V;'r']th (tjhesei. StaEI“Z(Ijng fl_ohre'g'?hat, for practical display application, it is enough for only a
atoms or molecules saturating the danging oonas. 1N€ al, . qaction of nanotubes to actually emit electrons be-

tached atom; or molecules may be de.sor'bed by an extreme use of the huge redundancy in the total number of nano-
strong local field during the actual emission process and th be emitters

dangling bonds may be exposed, to contribute greatly to

electron emission. Unlike the case of foreign atoms or mol- This work was supported by the SRC Program of the
ecules, the strongp? bond of the tube body is not dissoci- KOSEF, the BSRI Program, and the BK21 Project of the
ated under the typical field<(1 V/A) in experiment. For KRF.
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