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Ultrahigh secondary electron emission of carbon nanotubes
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The secondary electron emission of the tube bodies of single-walled carbon nanotubes is found to
be ultrahigh and comparable with that of diamond, when the nanotubes are connected with electron
reservoir. Both of semiconducting and metallic nanotubes possess this property. © 2010 American

Institute of Physics. [doi:10.1063/1.3442491]

When a particle beam, such as an electron beam
(e-beam), hits matter, some internal electrons of the atoms
are ejected and emitted as secondary electrons (SEs). This is
significant for fundamental research, and has applications
ranging from electron multipliers for detecting ions and
photonslf5 to crossed-field devices used in microwave ovens
and radars,4’5 where materials with strong SE emission are
desired. Materials in current commercial electron multipliers
typically have SE yields ranging from 1 to 4.2 The SE yield
of diamond is ultrahigh, from 12 to 113."**%7 Diamond is
excellent but expensive. It has been reported that the tips of
single-walled carbon nanotubes (CNTs) under e-beam irra-
diation in a scanning electron microscope (SEM) generate
strong SE emissions.”” This is important for CNTs and their
potential applications, since mass production of single-
walled CNTSs is achievable.'”"" But, the tip is only a small
part of a CNT, and the main tube body has perfect atomic
and electronic structures that are dramatically different from
the tip.8

Here we show that the SE yield of the tube bodies of
CNTs is up to 123 and comparable with that of diamond,
when the CNTs are connected with electron reservoir. We
demonstrate that this ultrahigh SE yield is irrespective of
whether the CNT is semiconducting or metallic. This not
only opens the pathway for incorporating CNTs into applica-
tions utilizing SE emission but also has the important impli-
cation that the separation of CNTs into their semiconducting
and metallic counterparts is not necessary in fields relevant
to SE emission.

Our CNTs were fabricated on the oxide surfaces of Si
chips by chemical vapor deposition and characterized to be
single-walled.12 The oxide layers were 312 nm thick, much
thinner than the thickness of the Si part, 500 um. The Si
part was highly doped and conductive. Figure 1(a) shows a
SEM image of some CNTs that exhibited bright contrast.
One end of each bright CNT was attached to the conductive
Si part that was partially exposed at the chip edge. Figure
1(b) shows the end of CNT No.1 [also indicated in Fig. 1(a)]
attached to the Si part, and its other end was located on the
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oxide surface, as shown in Fig. 1(a). Figure 1(c) presents a
schematic illustration of the CNTs with one end attached to
the Si part and the other end resting on the oxide surface.
After Figs. 1(a) and 1(b) were collected, some of the CNTs

CNT#1=> (a)

Chip%dgezﬂ
CNT#1=>

FIG. 1. SEM images of long CNTs lying on the oxide surface of a Si chip.
(a) Top view of as-grown CNTs, where the broad bright zone in the lower
part is the edge of the chip and the CNTs are roughly perpendicular to the
edge. (b) Close-up of an end of CNT NO. I located at the chip edge. (c)
Schematic illustration (not to scale) for (a) and (b). (d) Top view of the
CNTs after some of them were broken. (e) Close-up of the breaking site of
CNT No. 1. (f) Schematic illustration (not to scale) for (d) and (e). The Si
part of the chip is connected with a current meter.

© 2010 American Institute of Physics
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TABLE I. Data of the SE measurements of the CNTs.

Appl. Phys. Lett. 96, 213113 (2010)

dext i i I, L
CNT No. (nm)* (fA)° (fA) (pA) (nm) ¢ Connected with Si¢ Notes®

1 1.48 +0.09 0+49 215050 -77.75+0.05 2741 415 Yes Before breaking
1 1.48+0.09 —-49+49 1450 £50 -87.3*+0.1 2741 25=*3 Yes After breaking

1 1.48 +0.09 —49+£49 -49+49 -88.9+0.1 2741 0 No After breaking

2 25%+03 0+49 1100 =100 -60.4+0.1 6042 35%+9 Yes After breaking

2 25%03 0+49 -25*25 -60.2*0.1 6042 -1£3 No After breaking

3 24+0.2 0£49 1900 = 100 -53.8%£0.2 2741 32+5 Yes After breaking

3 24+0.2 25+74 098 -54.1%0.1 2741 -04=*32 No After breaking

4 1.7%0.1 (1.65) —49+£49 2000 =200 -54.1%0.1 2741 49+9 (50=3) Yes After breaking; S
4 1.7+0.1 (1.65) 0+98 0*=98 -51.9+0.1 2741 0 (0) No After breaking; S
5 1.5+0.2 0+98 3000 =200 -57.5%0.1 2741 76+ 18 Yes After breaking; S
5 1.5+0.2 0x49 —49 49 -56.0x0.1 2741 -1£3 No After breaking; S
6 25%+0.2 49+49 953 =25 -68.3+0.1 2741 12+2 Yes After breaking; M
6 25+0.2 0+98 —-49 =49 -68.8 0.1 2741 -1%2 No After breaking; M
7 1.5+0.2 (0.89) 0+98 3300200 -66.3+0.1 2741 73+17 (123+12) Yes After breaking; M
7 1.5+0.2 (0.89) 0+49 098 -67.5%0.1 2741 0 (0) No After breaking; M

“The values in the parentheses were obtained by RBM and the other values were measured by AFM. The RBM-measured diameter of CNT No. 4 is close
to its AFM-measured value but the RBM diameter of CNT No. 7 is rather smaller than its AFM value, possibly because external impurities exist on CNT

No. 7.

"The zero point of the current meter was 0 =98 fA. Thus, all of the measured values of i” were exactly around zero, indicating no charge in the oxide surfaces

(Ref. 14).

“The values in the parentheses were calculated with the RBM diameters and the other values were calculated with the AFM diameters.
dYes” and “No” mean that the corresponding CNT sections are connected and unconnected with the Si parts, respectively.

¢“S” and “M” denote semiconducting and metallic, respectively.

were scratched by a fine glass tip and broken in half, as
shown in Fig. 1(d). Figure 1(e) shows a higher-magnification
SEM image of the broken region of CNT No. 1 with the
bottom connected section still exhibiting bright contrast,
while the top section that is no longer attached to the Si part
has reduced contrast. Figures 1(d) and 1(e) illustrate that the
unconnected regions of the broken CNTs have significantly
less contrast in the SEM images as compared to the con-
nected ones. The long CNT located in the left of Fig. 1(a) is
untouched and still retains bright contrast uniformly along its
length in Fig. 1(d). Figure 1(f) shows a schematic illustration
of the broken CNTs with the bottom section connected to the
Si part and the top section unconnected. Since the SEM im-
ages were formed by the SE signals emitted by the CNTs, the
change in the contrasts of the broken CNTs meant that their
SE ylelds changed. We derive the SE yield ooyt of a CNT in
SEM as'”

5 =i " L (1)
CNT = >
Iy (1 + 7si0,)dent

where dcnr is the CNT diameter and can be measured by
atomic force microscope (AFM) or Raman, and 7si0, is the
backscattered electron yield of SiO,. I, is the current of the
e-beam of SEM and can be measured by a Faraday cup and
the current meter shown in Figs. 1(c) and 1(f). i and i’ are
the leakage currents flowing through the chip to ground
when the e-beam is scanning two areas of the same size
without and with the measured CNT. They can also be mea-
sured by the current meter. L is the size of the scanned area
along the scanning direction of the e-beam, while the CNT
axis is perpendicular to the scanning direction.

In order to obtain the intrinsic SE yields of CNTs, there
should be no charge accumulation on the chip surface in-
duced by the e-beam irradiation, corresponding to the condi-
tion that i”=0."* It was found that when the accelerating

voltage of the e-beam was 1 kV and the working distance
was 3.6 mm, i"=0 for the surface of the chip shown by Fig.
1 (see also Table I). Also, any influence of imaging history
was avoided.'® Under these conditions, the SE yields of CNT
No. 1 before and after it broke were measured, and the mea-
surement results are listed in Table I. The value of 7si0, is
between 0 and 1,' g1V1ng the SE yield of CNT No. 1 before
breaking in the range of 26-51. Taking 7si0, as 0.25 from a
renowned database'® gives the SE yield of CNT No. 1 to be

41 = 5. After it broke, its connected section showed the SE
yield of 25+ 3. As a comparison, materials in commercially
available electron multipliers have SE yields ranging from 1
to 4.° The SE yields of graphite and amorphous carbon are
only 0.81 and 0.543-1.56, respectively, when the accelerat-
ing voltage of the e-beam is 1 kV.'® Diamond has the ultra-
high SE yields of 12-113, of which the range corresponding
to 1 kV is 12-43.13467 Thus, the SE yield of the main tube
body of CNT No. 1 is also among the ultrahigh known val-
ues. The SE yields were measured to be 12—123 for the con-
nected sections of other six CNTs, as shown in Table I, and
also comparable with that of diamond.

The unconnected sections of the CNTs showed the SE
yields around zero. This is because they were not connected
with an electron reservoir and so electrons lost in their SE
emission processes were unable to be replenished. It is pos-
sible that they might attract some of the SEs emitted by the
neighboring oxide surface but this amount would be small
due to the low SE yield, 1.18, of SiOz.16 This limited the
ability of these unconnected CNT sections to emit SEs, and
the same phenomenon has been reported with diamond.’
Therefore, it is critical that a conductive pathway to an elec-
tron reservoir is established in order to realize the intrinsic
ultrahigh SE emission of CNTs.

Further, we find that both of semiconducting and metal-
lic CNTs possess the ultrahigh SE yields, as shown in Table
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FIG. 2. (a) Dependences of the drain-source currents of CNTs Nos. 4—7 on
the gate voltages. The drain-source voltages were fixed at 100 mV during
the gate sweeps. The inset is SEM image of the FET of CNT NOs. 7. (b) and
(c) Raman spectra of CNTs Nos. 1, 2, 4, and 7 in the frequency ranges of
100-350 cm™" (b) and 1300-1650 cm™ (c).

I. The transport properties of CNTs Nos. 4-7 are shown in
Fig. 2(a), showing that the drain-source currents of CNTs
Nos. 4 and 5 in their field effect transistors (FETs) can be
turned off by the gate voltages and so they are semiconduct-
ing. CNTs Nos. 6 and 7 have no gate dependency and are
metallic. The inset in Fig. 2(a) shows a SEM image of the
FET of CNT No. 7. The SE yields of the four CNTs are in
the range of 12—123, when they are connected with an elec-
tron reservoir.

The reason why CNTs have ultrahigh SE emissions can
be accounted for by the SE emission process.ls’17 After an
excited electron in a sample is kicked out of its original site
and reaches the sample surface, it needs to overcome the
surface barrier to escape into vacuum. It has been calculated
that the highest occupied molecular orbital of a CNT is
raised above the surface barrier when the CNT is hit by
external electrons® or carries extra electrons.'® Thus, the ex-
cited electrons in CNTs can get a substantial chance to es-
cape into vacuum.™

Raman measurement was done on the seven CNTs by
using the laser of 532 nm. Due to the match between the

Appl. Phys. Lett. 96, 213113 (2010)

laser excitation and the CNT band structures,'” only CNTs
Nos. 1, 2, 4, and 7 showed Raman signals, of which only
CNTs Nos. 4 and 7 showed signals of the radial breathing
mode (RBM), as shown in Figs. 2(b) and 2(c). The ratios of
the intensity of the defect-induced D-band to that of the
graphitelike in-plane G-band of CNTs Nos. 1, 2, 4, and 7 are
0, 0, 0.83, and 0.44, respectively. Their SE yields are 25 * 3,
35+9, 50*8, and 123 * 12, respectively. Thus, it appears
that defects are advantageous to the SE emission. Further
investigation is being planned.

The ultrahigh SE emission opens pathway for the appli-
cation of CNTs as coatings on dynodes of electron multipli-
ers and on cathodes of crossed field devices to improve their
device performance.
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