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The structures and field emission properties of multi-walled carbon nanotube arrays implanted with Zn* by MEVVA ion im-
planter have been investigated. The results revealed that Zn* implantation induced structural damage and that the top of carbon
nanotubes with multi-layered graphite structure were transformed into carbon nanowires with amorphous structure. Meanwhile,
C: Zn solid solution was synthesized after Zn* implantation. The turn-on field and threshold field were 0.80 and 1.31 V/pm,
respectively for original multi-walled carbon nanotube arrays and were reduced to 0.66 and 1.04 V/um due to the synthesis of

C and Zn composite, in which the work function was reduced after low doses of Zn* implantation. It is indicated that low

doses of Zn* implantation can improve field emission performance of multi-walled carbon nanotube arrays. Otherwise, high
doses of Zn" implantation can reduce field emission properties of multi-walled carbon nanotube arrays, because radiation dam-

age reduces the electric field enhancement factor.
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In 1991, Iijima firstly synthesized carbon nanotubes (CNTs) [1]
in direct current arc discharge experiment, whose diameters
were from a few nanometers to tens nm and whose lengths
were from tens nm to a micron. Subsequent studies [2—4]
found that CNTs had a unique structure and excellent physi-
cal and chemical properties. Their tremendous application
prospect has aroused wide interest.

Field electron emission is one of the important potential
applications of CNTs. Rinzler firstly reported the field
emission characteristics of a single multi-walled carbon
nanotube and pointed out that it had a very low threshold
field and high field emission current density [5]. The study
of Cheng et al. [6] showed that the electrons emitted from
the top of CNTs.

Doping can change the structure of CNT emitters and
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improve the field emission properties of CNTs. Some re-
search groups have synthesized nitrogen, boron or silicon
doped carbon nanotubes [7-10]. Nitrogen-doped carbon
nanotube arrays prepared by Chai et al. [11] have a low
turn-on field (1.60 V/um) and high density of emission sites.
Liu et al. [12] found that gallium-doping introduced the
formation of new states near the Fermi level in CNTs, and
reduced the work function and enhanced the density of
electron emission. Some reports [13, 14] found that Cs-
doped single-walled carbon nanotubes should reduce their
work function and increase the field emission current den-
sity. Scholars found that titanium carbon compounds syn-
thesized by deposition of titanium films on the surface of
CNTs had lower work function, which improved the field
emission properties of CNTs [15].

In this paper, multi-walled carbon nanotube arrays with
high density and good orientation were prepared by thermal
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chemical vapor deposition and then implanted with ener-
getic Zn* by using of MEVVA (metal vapor vacuum arc)
[16] ion implanter. The synthesis and the field emission
properties of C: Zn solid solution nanowires were investi-
gated.

1 Experimental details

MWCNT arrays were synthesized by thermal chemical va-
por deposition method. Firstly, 5 nm Fe films used as cata-
lyst were deposited on silicon substrate by magnetron sput-
tering method. Secondly, the sample was placed in a quartz
tube furnace. N, gas was passed to clean the pipe for about
20 min, and then converted to H, gas to start heating up.
Thirdly, when the temperature reached 750°C, C,H, was
passed to grow carbon nanotubes. The purity of the gases
used in the work was better than 99.9%.

Zn ion doping was carried out on the MEVVA ion im-
planter. The average energy of Zn* was aout 54 keV. The
average beam density was 0.127 pA/mm’. The Zn doped
doses were in the range from 1x10' to 2x10'” jons/cm? and
the angle of ion incidence was about 45°. The ion range and
average displacement of atom per implanting ion were cal-
culated by TRIM-1996.

Scanning electron microscopy (JSM-4800, SEM), high-
resolution transmission electron microscopy (TECNAI F30,
TEM), X-ray photoelectron spectroscopy (PHI Quantera
SXM, XPS) and field emission measurement system were
employed to characterize morphology, chemical state and
field emission properties of the WMCNTs. The field emis-
sion measurements of samples with area from 0.03 to 0.10
cm’ were carried out in the bipolar measurement equipment
at room temperature, in which measurement distance was
about 2362 pum, and base pressure of chamber was about
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1x107" Pa. Applied voltage was 0-3500 V. Voltage regula-
tion rate was 500 V/min. The measurement data could be
automatically recorded by a computer connected to the
measurement system.

2 Results and discussion

2.1 The morphology of Zn-dopped multi-walled car-
bon nanotube arrays

SEM images (cross-section view) of carbon nanotube arrays
with different doses of Zn" implantation are shown in Fig-
ure 1 and the top view ones are shown in Figure 2. When
the doses is less than 6x10'® ions/cm’ the morphology
changes in the top of carbon nanotubes is small and the mi-
cro-structure maintains the original form of the carbon
nanotubes. As the implantation dose increases, the deforma-
tion and adhesion of the top of carbon nanotubes become
apparent, the diameter of carbon nanotubes increases, tubu-
lar morphology becomes blurred and structural damage be-
comes clear. This is because low doses of Zn* implantation
cause small structural damage, while large doses cause large
structural damage.

The ion radiation damage of WMCNTs with different Zn
ion doping doses can be evaluated by the displacement per
atom (dpa), which is calculated by TRIM-1996 simulation
program. The calculation formula of dpa is as follows

D-N,
dpa=—"", (1
where @ is ion dose (cm ™), N; is the average displacement
of carbon atom per implanting ion, N is the atomic density
(atoms/cm®) of target and [ is the depth of ion implantation
(cm). TRIM simulation results shows that when the average
energy of Zn* is 54 keV, the average displacement of car-

Figure 1 SEM images (cross-section view) of carbon nanotube arrays with different doses of Zn* implantation. (a) Original; (b) 1x10" ions/cm?; (c)

3x10'° ions/cm?; (d) 6x10'® ions/cm?; (e) 1x10'7 ions/cm?; (f) 2x10'7 ions/cm?.
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Figure 2 SEM images (top view) of carbon nanotube arrays with different doses of Zn" implantation. (a) Original; (b) 1x10'® ions/cm?; (¢) 3x10'° jons/cm?;

(d) 6x10'® ions/cm?; () 110" ions/cm?; (f) 2x10"7 jons/cm®.

bon atom per implanting ion (N;) is 373 atoms/ion. The
depth of Zn" implantation (/) is about 4 um which is meas-
ured by the EDX analysis of multi-walled carbon nanotube
arrays. So we can calculate the dpas of different doses of
Zn* implantation as shown in Table 1.

From Table 1, it can be seen that when the dose is less
than 6x10'® ions/cm?, the dpa is less than 1. This means that
the ion radiation damage and the influence of Zn-doping on
microstructure of WMCNTs are small. However, when the
dose is more than 1x10'7 ions/cm? the dpa is larger than 1,
which means the ion radiation damage and the influence of
Zn-doping on microstructure of WMCNTs are large. The
changes of dpa in TRIM simulation results with different
doses are consistent with the changes of SEM morphology
analysis.

Figure 3 shows the HRTEM images of multi-walled car-
bon nanotubes with Zn" implantation. For the range of CNT
without Zn* implantation (shown in Figure 3(a)), a clear
graphite tubular structure with multi-layer can be observed.
In the near tip of the carbon nanotubes, multi-layer structure
of carbon nanotube has transformed into amorphous carbon
nanowires and diameter of amorphous carbon nanowires is
larger than that of the carbon nanotube due to large ion ra-
diation damage ( see Figure 3(c)). The diameter increasing
of carbon nanowires is due to the formation of a large num-
ber of vacancies and interstitial atoms and part of graphite
layer curvedness. In the transition area between Figures 3(a)
and (c), whose Zn" implantation dose is less than Figure 3(c)’s,
the high resolution TEM image shows graphite tubular
structure with multi-layer in which partial structure damage
is observed (see Figure 3(b)). Figure 3(d) is a high resolu-
tion image in the head of carbon nanowires with hemisphere
structure whose ion radiation damage is the largest and the
distribution of carbon atoms is out-of order, which means

the formation of amorphous structure. Besides, the EDX
analysis of this part proves the existence of Zn element ex-
cept C element. So, according to HRTEM images and EDX
analysis, C: Zn amorphous solid solution in nanowires is
formed after Zn* implantation.

Table 1  The dpa of WMCNTs implanted with different Zn ion doses
Dose (em™)  1x10'°  3x10'°  6x10"  1x10"7  2x10"
dpa 0.13 0.40 0.80 1.33 2.66

2.2 The chemical state of elements in Zn-dopped multi-
walled carbon nanotube arrays

In order to further understand the chemical structures of C
and Zn in the complex nanowires, X-ray photoelectron
spectroscopy was used to analyze the chemical states of C
and of Zn. Figure 4(a) shows Cls XPS line of CNTs im-
planted by Zn ions with 3x10'® jons/cm® dose. Cls XPS
spectrum line has been decomposed to three peaks (284.1,
285.9 and 288 eV), corresponding to graphite carbon [17]
which has the strongest peak and two kinds of organic pol-
lution carbons [18, 19]. This shows that Zn" implantation
dose not change the chemical states of C and the main
structure is similar to graphite. Zn2p3 XPS spectrum line is
composed of only peak (1021.7 eV), corresponding to sim-
ple substance of Zn [20] (as shown in Figure 4(b)). It is
demonstrated that there is no formation of C/Zn compound
during ion implantation. According to that, it can be con-
firmed that C: Zn solid solution in carbon nanowires is
formed after Zn" implantation. At the same time, the in-
crease of intensity for Zn2p3 spectrum line with the in-
creasing of the Zn® implantation dose indicates that the
content of Zn in solid solution nanowires increases.
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Figure 4 (a) Cls XPS line and sub-peaks with 3 10'® ions/cm* dose of Zn* implantation; (b) Zn2p3 XPS line with different Zn* implantation doses. The

inset in (b): Zn2p3 XPS line with 3 X 10'® ions/cm? dose of Zn* implantation.

2.3 Influence of Zn" implantation on the field emission
properties of multi-walled carbon nanotube arrays

Figure 5(a) shows field emission characteristics of carbon
nanotube arrays implanted with different doses. It can be
seen that the J-E curves move to the low field when the Zn*
implantation dose increases from zero to 6x10'® ions/cm®.
This means that field emission properties of carbon nano-
tube array are gradually improved during low dose implan-
tation. On the other hand, the J-E curves move to the high
field when the Zn* implantation dose increases from 6x10'
to 2x10'” ions/cm?, which means that field emission proper-
ties are reduced. The approximate linear relationships be-
tween In(J/E-2) and 1/E in F-N plots at high current density
area proves that the data in Figure 5(a) are field induced
electron emission.

The turn-on field and threshold field of carbon nanotube
arrays implanted with different Zn* implantation doses are
shown in Figure 6. It can be seen that the turn-on field de-
creases from 0.80 to 0.66 V/pum (the dose is 3x10'
jons/cm?), and the threshold field reduces from 1.31 to 1.04
V/ um (the dose is 3x10'° jons/cm®) when the Zn* implanta-
tion dose increases from 0 to 6x10'° ions/cm?. After that,
the turn-on field and threshold field gradually rise when the
Zn" implantation dose increases from 6x10' to 2x10"
ions/cm?. This shows that low dose Zn* implantation can
improve field emission performance of multi-walled carbon
nanotube arrays and reduce the turn-on field and threshold
field.

For the change of field emission properties of carbon
nanotubes after Zn* implantation, there are two different
stages. The first stage is from the original to 6x10'® ions/ cm?
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Figure 5 (a) J-E curves of carbon nanotube arrays implanted with different Zn* implantation doses; (b) the corresponding F-N plot.
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Figure 6 The turn-on field and threshold field of carbon nanotube arrays
versus Zn" implantation dose.

Zn" implantation. It can be seen that the change in mor-
phology of carbon nanotube arrays is relatively small from
Figures 1 and 2, and the dpa is less than 1 in this stage. Ac-
cording to the impact factors [12] of field enhancement fac-
tor, the field enhancement factor is approximately un-
changed and the effective work function of carbon nanotube
arrays can be reduced from 4.59 [21] to 4.04 eV during Zn*
implantation, to enhance the field emission properties in the
first stage. This change is probably because the formation of
C: Zn solid solution in carbon nanowires changes the elec-
tronic structure of carbon nanotubes. From the above, C: Zn
solid solution in carbon nanowires shows excellent field
emission characteristics.

The second stage is in the Zn" implantation range from
6x10" to 2x10" ions/cm®. It can be seen that the change in
morphology of carbon nanotube arrays is relatively large
from Figures 1 and 2 and the dpa is more than 1 in this stage.
The entwisted carbon nanotubes and the large particles in
the top of array have been formed during high dose implan-
tation. The structure damage reduces the number of the field
electron emission points to induce the reducing of the field
emission performance.

At the same time, the field emission stabilization of dif-
ferent doses Zn-doped multi-walled carbon nanotube arrays
have been measured at different current densities. Figure 7
shows the ratio R between the standard deviation (SD) and
the mean current density versus ion implantation dose.
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Figgure 7 The field emission stabilization of different doses Zn-doped
multi-walled carbon nanotube arrays versus ion implantation dose.

From Figure 7, it can be seen that the Zn-doping dose has a
high influence on the field emission stabilization of
multi-walled carbon nanotube arrays. For the low dose im-
plantation, the ratio R can be reduced from 2.8% to 2.1% at
the current density of 6 mA/cm” and from 2.8% to 1.1% at
the current density of 10 mA/cm® This means that
Zn-doping at a lower dose can improve the field emission
stabilization of multi-walled carbon nanotube arrays, but
high dose Zn-doping will debase it.

3 Conclusions

(1) Energetic Zn ion implantation induces the structure
amorphization of multi-layer carbon nanotube and the for-
mation of C: Zn solid solution nanowire in which the di-
ameter of carbon nanowires is larger than that of carbon
nanotubes. High dose implantation destroys the array struc-
ture and induces the formation of entwisted carbon nano-
tubes in the top of arrays.

(ii) C: Zn solid solution nanowires which are formed after
low dose Zn" implantation change the electronic structure of
MWCNTs and has excellent field emission characteristics.
For C: Zn solid solution nanowires, the minimum turn-on
field and minimum threshold filed are 0.66 and 1.04 V/ pum,
respectively. Otherwise, high doses Zn® implantation can
reduce field emission properties of carbon nanotube arrays.
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(ii1) Low dose Zn-doping can improve the field emission
stabilization of multi-walled carbon nanotube arrays, but
high dose Zn-doping will debase it.
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