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The electronic structures and field emission properties of capped CNT55 systems with or without alkali metal

atom adsorption were systematically investigated by density functional theory calculation. The results indicate that the

adsorption of alkali metal on the center site of a CNT tip is energetically favorable. In addition, the adsorption energies

increase with the introduction of the electric field. The excessive negative charges on CNT tips make electron emittance

much easier and result in a decrease in work function. Furthermore, the inducing effect by positively charged alkali

metal atoms can be reasonably considered as the dominant reason for the improvement in field emission properties.
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1. Introduction

Owing to their remarkable emission stability and
mechanical strength,[? carbon nanotubes (CNTs)
have been applied in field emission display devices
and molecular sensors.*4 Among these applications,
one of the core problems is how to produce lower
threshold voltage and stronger field emission cur-
rent at low electric field strength.!®) Previous studies
have shown that tuning the structures, such as the

7-10] 11,12] ond

radius,'® geometry,! packing density,
polar molecule adsorption,[*3=2! is the most common
and effective way to improve the field emission perfor-
mance of CNT systems. Han and co-workers investi-
gated the capped CNT (10, 10) system and found that
the emission current caused by the localized states at
the tip is about 10 times larger than that caused by ex-
tended metallic states.[”) Kim and co-workers pointed
out that the improvement in field emission proper-
ties is attributed to the enhancement of the density of
state (DOS) near the Fermi level and localized states
at the CNT tip.l¥! Moreover, by means of XPS ex-
periments, Ha and Lee suggested that the remarkable
improvement in field emission properties for K-doped

CNTs should be attributed to the adjustment of local
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electronic states at the emitting regions.[!?!

Several separate experimental and theoretical in-
vestigations have demonstrated that the modification
of metal atoms on CNT surfaces can significantly
change the field emission performance,!315 and the
interactions between CNT and metal atoms can be
very different when the valence shell structure of a
specific metal is considered. By changing the electric
negativity and shell structures of metal atoms, the
interactions between metals and CNT surfaces are ex-
pected to change. In addition, the electronic struc-
tures and field emission properties should therefore
also be changed in response to such variations, pro-
viding an effective method for modulating the macro-
scopic properties of the systems.['6] As this issue is
rather important and yet less reported at present,
relevant investigations seem very urgent.7-18] There-
fore, the present investigation is aimed at providing
an application of the first-principle technique to study
the geometry and electronic structures of alkali metal
atom (AMA) doped CNTs and to clarify the effect
of the valence shell on field emission properties. The
results are hoped to provide some insights into the
relationship between the structures and macroscopic
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properties of AMA/CNT systems.

2. Theoretical details

The DMol? package['?) was employed to perform
the density functional theory calculations. The gener-
alized gradient approximation (GGA) with Perdew—
Burke Ernzerhof (PBE) form[?%l was adopted for the
treatment of exchange-correlation energy, the real-
space global cutoff radius was 5.5 A, and the functions
were described by a double numerical plus polarized
(DNP) basis set. The metallic armchair carbon nan-
otube (5, 5) (CNT55) was selected as the model sys-
tem, in which a symmetric cap (half of Cg) is attached
at one end of the CNT and the other end is saturated
by hydrogen atoms, as illustrated in the insets (a) and
(b) of Fig. 1. The alkali metal atoms were placed
perpendicularly above the tip of the CN'T55 at three
different positions (center, bridge, and top sites), and
the constructed models were then used as initial ge-
ometries for consequence optimization processes. An
additional uniform electric field, ranging from 0 V/A
to 0.5 V/A, is applied along the CNT axis, and the
direction is from vacuum to tip.

In the present investigation the adsorption energy
(Faq) is defined as

Ead = ETotal — (ECNT + EMetal)a (1)

where Frota and Egnt are the total energies of the
CNT55 systems with and without AMA adsorptions,
respectively, and FEjreta) is the total energy of the
AMAs. The work function, a crucial physical quan-
tity for field emission applications, is the minimum
energy that is required to move an electron from the
Fermi level into the vacuum region. Experimentally,
this can be characterized by field-ion microscopy and
photoelectron emission spectroscopy, 22 while the-
oretically the work function (@) can be defined as

where ¢ and Fr are the vacuum and Fermi levels of
the investigated system, respectively.

3. Results and discussion

3.1. Geometry and adsorption energy

The optimization results indicate that the adsorp-
tion of alkali metal on the center site is energetically
favorable. All further calculations were performed on
the basis of the optimized center site model.

The adsorption energies of AMAs/CNT55 under
different electric field strengths are shown in Fig. 1.
When the electric field is absent (E = 0 V/A),
the adsorption energy of Cs/CNT55 (—2.272 eV) is
more negative than that of Li/CNT55 (—1.795 eV),
Na/CNT55 (—1.258 V), K/CNT55 (—1.798 eV), and
Rb/CNT55 (—1.941 eV), indicating that the absolute
interaction between Cs atoms and the CNT surface is
the strongest. The adsorption energy variation trend
is in good agreement with that in the AMAs/graphite
systems.(8:23]

Figure 1 also shows that the adsorption energy of
the Li/CNT55 system is almost unchanged as the elec-
tric field strength is enhanced. However, for the other
four AMAs/CNT55 systems, the situation is different
and the values increase with electric field strength.
The unusual property for Li/CNT55 can be attributed
to the smaller radius of Li with respect to other AMAs,
i.e., the inner electrons bear a stronger electrostatic
attraction by the nucleus, leading to a smaller trans-
formation of the electron cloud and an insensitive
response to the applied electric field. Furthermore,
we can also note that, except for Li/CNT55, the ad-
sorption energies of AMAs/CNT55 decrease with shell
number at arbitrary electric field strengths.

0.0
—o— Li/CNT55
L —4&— Na/CNT55
—0.4F —v— K/CNT55
L —e— Rb/CNT55
_o0.8f —— Cs/CNTY},

I
—
[\

T

Adsorption energy/eV
|
=
o
T

|
N
@]
T

n 1 n 1 n 1 n
0.0 0.1 0.2 0.3 0.4 0.5

|
N
=~

Electric field/V-A~1

Fig. 1. The adsorption energies (E,q) of AMAs-doped
CNT55 with and without external electric field. The in-
sert is the top view (a) and side view (b) of the models.

3.2.Field emission properties

Figure 2 depicts the relationship between the
work function and electric field strength for different
AMAs/CNT systems. At zero bias, the work function
of pristine CNT55 is 4.562 eV, which is close to the
result of the PEEM experiment (4.73 eV)!?2; but the
value decreases to 3.542 eV when the applied electric
field is 0.5 V/A, indicating that the emission of the
electron to vacuum region is much easier under higher
electric field strength.
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Fig. 2. Work function dependence of electric field

strength for pure and AMA-doped CNT55 systems.

It can be identified that the work function of a
system is significantly reduced because of the modi-
fication of the AMAs. Under a given electric field,
the work functions of AMAs/CNT systems decrease
monotonically with electron shell number, which in-
dicates that the enhancement of metallicity can effec-
tively reduce the threshold voltage. Moreover, for a
specific AMAs/CNT system, the work function drops
linearly at first and then almost keeps unchanged
when the electric field is beyond 0.3 V/A. The results
clearly suggest the existence of an upper limit for the
applied electric field. The special behaviors can be at-
tributed to the structural changes in the AMAs/CNT
systems under different electric fields. As confirmed
in Fig. 1, when the applied electric field is larger than
0.3 V/A, the adsorption energies of the AMAs/CNT
systems increase drastically, which means that the in-
teractions between the AMAs and CNT surface are
significantly weakened. As a result, the distances
between AMAs and CNT surface increase and the
charge transfer between them is reduced to a large ex-
tent. A previous experiment showed an obvious recon-
struction under a high electric field strength, which is
widely known as the field evaporation phenomenon. 24
Therefore, both the experiment and our present the-
oretical prediction indicate that the excessively high
electric field is unsuitable. To further elucidate the re-
sults, DOS and Mulliken population analyses are em-
ployed in the following discussion.

3.3.Density of states and Mulliken

charge population

Figure 3 shows the DOSs of the pure CNT55
and Li/CNT55 systems. For the Li atom, the half-
occupied 2s state changes significantly due to its in-
teraction with CNT55, and some electrons therefore
transfer to the CNT55 surface. It can be further

confirmed that after modification with Li atoms, the
DOSs of CNT55 shift towards the negative region,
and some newly formed states appear at the Fermi
energy (0 eV). Since the accumulation of electrons at
the newly formed states is favorable to the enhance-
ment of the field emission properties of corresponding
systems, the energy that is required to move an elec-
tron from the Fermi energy to the vacuum region is
significantly reduced. As a result, the threshold volt-
age decreases, as confirmed by the calculated work
functions in Fig. 2. Besides the Li/CNT55 system,
similar characteristics can also be observed in other
AMAs/CNT55 ones.
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Fig. 3. DOSs of (a) CNT55 with (shadowed area) and
without (solid line) Li modification and (b) pure Li (solid
line) and Li in Li/CNT55 (shadowed area). the DOSs of
CNT and Li in Li/CNT55 are shown in (c) and (d). The
dashed line indicates the position of the Fermi energy.

To clarify the effect of the electric field, a Mul-
liken population analysis is applied. Figure 4 shows
the Mulliken charges of the AMAs/CNT55 systems
with different electric field strengths. For convenience,
some of the labels are depicted in Fig. 4(a), in which
layers 1-4 represent the cap, while the remaining lay-
ers compose the stem. As showed in Fig. 4(b), when
the applied electric field strength is enhanced, the
Mulliken charges of the four top layers of CN'TH5 in-
crease monotonically. In consideration of the varia-
tion trend of work function, it can be deduced that
the accumulation of negative charges at the cap of
CNT55 is very crucial for the enhancement of field
emission properties, which is coincident with the for-
mer research.[25=27]

When the AMASs are attached to the CNT cap,
the situations are very different. Under zero bias, all
the metal atoms are found to be positively charged,
and the charges of the CNT cap become more neg-
ative. Figure 4(c) shows that the difference is very
obvious. For layer 1, the charges of pure CNT and
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Li/CNT55 are —0.024 e and —0.234 e, respectively,
and the values of other AMAs/CNT55 are 18 times
larger than those of pure CNT55. It can be found
that the charges of layers 2—4 also follow a similar
trend. Because the total charges of the four topmost
layers and the eight topmost layers are almost identi-
cal, the charge summation of the four topmost layers,
which can be applied as a criterion for further analysis,
plays a determinate role for the macroscopic proper-
ties of the AMAs/CNT55 systems. Qiao’s group!?’!
studied the field emission properties of CNT adsorbed
by H2O using the first-principles technique. They con-
cluded that the existence of localized states at the cap
of CNT do affect the threshold voltage. Besides the lo-
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calized states, our results also indicate that the thresh-
old voltage can be effectively modulated by changing
the metallicity of the adsorption species.

Figure 4(d) shows the charge summation of the
cap for AMAs/CNT55 systems under different elec-
tric fields. For Li/CNT55, the charge summation
decreases at first and then increases when F is larger
than 0.3 V/A. The result explains the variation trend
of the work function showed in Fig. 2 well. For
other AMAs/CNT systems, similar characteristics
are also confirmed. Furthermore, as the electron shell
number increases, the charge summation of the sys-
tems is also changed accordingly, indicating that the
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Fig. 4. (a) Layer model of CNT55. (b) Mulliken populations of pure CNT55 with an additional electric field. The
Mulliken populations of AMAs/CNT55 without an electric field are shown in (¢). The charge summation of 1-4 layers of
AMAs/CNTS55 as a function of the applied electric field is given in (d). (e) A schematic field-induced electron emission

mechanism.
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metallicity of the modification species does affect the
field emission properties of AMAs/CNT systems. It
should be pointed out that the special behaviors of
AMASs/CNT systems are related to the electron ac-
cumulation at the CNT tip and the occurrence of an
induced electric field due to the electron transfer from
metal atoms to the CNT surface, as the schematic
mechanism shows in Fig. 4(e).

4. Conclusions

We investigated the field emission properties of
pure and AMAs-doped CNT55 systems by density
functional calculations.
show that the adsorption of metals on the center
site is energetically favorable. Except for Li/CNT55,
the adsorption energies of AMAs/CNT55 systems in-
crease with increasing electric field strength. The work
functions drop at first and then remain steady when
EF > 0.3 V/A, and the behavior can be well ex-
plained by the variations in Mulliken charge under
an additional electric field. The DOSs and charge
redistribution analyses suggest that the appearance
of occupied electron states around the Fermi level
in AMAs/CNT55 systems contribute significantly to
field emission performance. Moreover, it is also iden-
tified that the occurrence of an induced electric field
plays an important role for the improvement of field
emission performance. The present calculations have
confirmed that the modifications of AMAs on the
CNT tip do affect the work functions of CNT sys-
tems, and the field emission properties can be modu-
lated by tuning the metallicity of metals, which may
provide some useful insights into the relationship be-
tween structures and macroscopic properties and will
be helpful for further material design.

The computational results
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