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Abstract

The effect of high-energy proton irradiation on the physical properties of
carbon nanotubes (CNTs) was investigated. The focus of the study was on
the electrical properties of single-walled carbon nanotube (SWNT) network
devices exposed to proton beams. Field-effect transistors (FETs) of network
type were fabricated using SWNTs and were then irradiated by high-energy
proton beams of 10-35 MeV with a fluence of 4 x 101°—4 x 10'> cm™? that

are comparable to the aerospace radiation environment. The electrical
properties of both metallic and semiconducting CNT network FET devices
underwent no significant change after the high-energy proton irradiation,
indicating that the CNT network devices are very tolerant in proton beams.
Raman spectra confirm the proton-radiation hardness of CNT network FET
devices. The radiation hardness of CNT network FET devices promises
therefore the potential usefulness of CN'T-based electronics for future space

application.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Carbon nanotubes (CNTs), having outstanding mechanical
properties (i.e., Young’s modulus 10° GPa) with a nanoscale
diameter ranging from 3 to 30 nm, are promising materials
in a wide range of emerging technologies. In particular,
due to their unique electrical properties, various potential
applications in nanoelectronics, such as nanotube field-
effect transistors (FETs), CNT-based nonvolatile memory,
quantum-effect devices, and sensors, are currently being
developed [1-4].

The electrical properties of CNTs are strongly dependent
on their atomic structures: a nanotube can be metallic or
semiconducting depending on the chirality vector (n, m) that
defines the diameter and the chiral angle of a CNT [2].
Furthermore, the electrical properties of CNTs are extremely
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sensitive to defects which can be introduced during the growth,
by mechanical strain, or by irradiation with energetic particles
such as electrons, heavy ions, alpha-particles, and protons.
Recently, the effects of electron and heavy-ion irradiation on
CNTs have been reported [5-7]. A controlled irradiation on
CNTs might be a method for modifying the physical and
chemical properties of CNTs by introducing structural defects
into the side walls. On the other hand, when highly energetic
particles collide, a latchup, electrical interference, charging,
sputtering, erosion, and puncture of the target device can occur.
As aresult, degradation of the device performance and lifetime
or even a system failure of the underlying electronics may
happen. Consequently, information on the effects of various
types of irradiation on CNTs is needed in developing radiation-
robust devices and circuits for CNT-based devices in aerospace
radiation environments.
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Figure 1. (a) Schematic drawing of single-walled carbon nanotube network field effect transistor (SWNT network FET). (b) SEM images of
SWNT network FETs showing different densities of SWNTSs connected between the source and drain electrodes.

The radiation environment in the Earth’s magnetosphere
consists of a nearly isotropic flux of energetic charged
particles: 85% protons, 14% alpha-particles, and 1% heavy
ions covering the full range of elements [8, 9]. Such radiation
may impinge on devices and circuits, causing undesirable
effects as described above. Among the various kinds of
radiation sources, protons comprise an important component
in the radiation belts around the Earth.

Many studies on the effects of proton irradiation on
silicon-based devices [10, 11], solar cells [12, 13], GaAs
systems [14, 15], and GaN systems [16, 17] have been
reported. In particular, Srour and McGarrity [18] reviewed
the effects of radiation and damage mechanisms in some of
the most commonly employed device materials such as Si,
Si0,, and GaAs, as well as silicon MOS devices, GaAs
devices, optoelectronic devices, etc. However, as regards
the effects of proton irradiation on CNTs, to date, only a
few studies, involving CNTs/polymer composites [19], CNTs
films [20], and CNTs predeposited on TEM grids [21] under
proton irradiation, have been reported. For example, Neupane
et al [19] reported that proton irradiation (beam energy =
2 MeV, fluence = 5.0 x 10'°-5.6 x 10" cm™2) had little
effect on the interband transitions in SWNTs matrixed in
poly(3-octylthiophene) polymer with small radiation-related
degradation. Khare et al [20] reported that the C—H bonds
were formed in 0.5 and 16.75 pum thick SWNT films upon
a high-dose proton irradiation (beam energy = 1 MeV,
fluence = 10 cm™2). And Basiuk er al [21] showed
that the morphologies of SWNTs deposited on TEM grids
changed with 3 MeV proton irradiation. The question as to
whether these radiation-induced effects (related to structural
properties) of CNTs are critical to device performances (related
to electrical properties) has not yet been directly answered. In
order to address this issue regarding the electrical properties in
CNT-based devices we must first test the influences of proton
irradiation on real device systems. CNT-based FET devices,
in which the source—drain currents and gate voltages can be
determined, can thus be used to investigate the proton radiation
effects on CNTs without being altered by a further chemical
process.
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In this paper, we report on a systematic study of the
effects of proton irradiation on the electrical properties of CNT
network FET devices showing metallic or semiconducting
behaviours. The CNT-FET devices were exposed to 10—
35 MeV proton beams with a fluence of 4 x 10°—4 x
10'> cm~2 that are comparable to the aerospace environment.
We also performed micro-Raman spectroscopy directly on the
CNT-FET devices to correlate the structural changes to any
potential electrical property changes in CNTs under proton
irradiation. Proton implant effects were modelled using SRIM-
2003 (stopping and range of ions into matter) [22].

2. Experimental details

We fabricated the CNT network FET devices using single-
walled carbon nanotubes (SWNTs) by an arc-discharge process
(commercially available from Iljin Nanotech Co., Ltd, Korea).
The SWNTs were purified to ~95% by thermal oxidation
and chemical treatment. To fabricate CNT network FET
devices, SWNTs in 1,2-dichlorobenzene (0-DCB) (from
Sigma-Aldrich) were prepared by a combination of sonication
and centrifugation. In a typical experiment, 1 mg of SWNT
in 10 ml of 0-DCB was sonicated for 5 min and the SWNT
suspension was then centrifuged for 90 min at 16000 g. The
purified SWNTs suspension was dropped on a 100 nm or a
300 nm thick thermally grown oxide on silicon. The silicon
substrate was a highly doped p-type substrate that can be used
as a back gate. The SWNTs dropped on the substrates were
dried in a vacuum oven overnight above 180 °C, to remove
0-DCB chemical residue. Metal electrodes consisting of Ti
(30 nm)/Au (60 nm) were then deposited by an electron-beam
evaporator and defined as the source and drain electrodes by
photolithography and a lift-off process. The distance between
the source and drain electrodes was 2-3 um. A schematic
diagram of a fabricated SWNT network FET device is shown
in figure 1(a).

For the proton irradiation experiments, accelerated proton
beams were generated using a MC-50 cyclotron (at the Korea
Institute of Radiological and Medical Sciences). The beam
diameter was ~6 cm, its uniformity was ~90%, and the



Proton-radiation hardness of carbon nanotube network field effect transistors

10 MeV
(a) . (b) 1OMeV : —
1x10° - 10 MeV O Before irradiation
® After irradiation
Jeosdesdddsessesdssdssesssssssessssssene
5x10* 1041V =2V ]
s:,, 0 < ™ =R AR R R AR R AR R R R R
0 2 05V
roaoren _imaeon_ Vo |
-4 Irradiation Irradiation G
-5x10 = m oV 10°+ 4
o ° ov
-3
e - s M——
-10 -5 0 5 -10 -5 0 5 10
Vs(V) VG(V)

Figure 2. Transfer characteristics of metallic SWNT network FETs before and after proton irradiation at 10 MeV and a fluence of
1.4 x 10" cm~2. (a) Source—drain current versus drain voltage at various gate voltages (Vg = —10, 0, and 10 V). (b) Source—drain current as
a function of gate voltage at various source—drain biases (Vps = 0.05, 0.5, and 2 V).
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Figure 3. Transfer characteristics of weak-metallic SWNT network FETSs before and after proton irradiation at 35 MeV and a fluence of
4.1 x 10" cm~2. (a) Source—drain current versus drain voltage at various gate voltages (Vg = —10, 0, and 10 V). (b) Source—drain current as
a function of gate voltage at various source—drain biases (Vpg = 0.05, 0.5, and 2 V).

average beam current was 10 nA. In our study, three different
proton beam energies were used: 10, 20, and 35 MeV. The
total fluences during the proton irradiation were 1.2 x 10—
1.4 x 10" cm™2 for 10 and 20 MeV and 4.1 x 10'°-4.1 x
10'? for 35 MeV. In particular, for the proton irradiation of
35 MeV, we used the spread-out Bragg peak (SOBP) method.
The SOBP method is a range-modulating method to obtain
a uniform longitudinal and transverse dose distribution in a
target for a fixed proton energy [23]. The irradiation time of
the proton beams was varied from 60 to 6000 s. Actually, the
30-60 MeV protons at a dose of ~10'> cm~? are equivalent to
an amount of proton radiation for a few hundred years in a low
Earth orbit environment [24].

Electrical properties such as source—drain current—voltage
characteristics as a function of gate voltage were measured
using a HP4155C semiconductor parameter analyser. The
gate voltage was applied through the highly doped silicon
back gate. Raman analysis was also performed to collect
the information on structural defects that might be introduced
by proton irradiation using a Renishaw (System 2000) micro-
Raman spectrometer in the backscattering configuration. A
633 nm He—Ne laser was used for excitation in this case. For
the simulation of the depth profile of proton reaction with our
device materials, we used the SRIM simulator, a numerical
code based on a Monte Carlo simulation, assuming a carbon

density of 2.26 gcm™ (to provide a projected range and
stopping power) [22].

3. Results and discussion

Figure 1(b) shows scanning electron microscope (SEM)
images of three representative SWNT network FET devices
showing different density of SWNTSs connected between the
source and drain electrodes with a 2-3 pum gap. The different
density is responsible for different electrical properties:
metallic, weak-metallic, or semiconducting behaviours. As
explained later, the SEM images from left (high density of
CNTs) to right (low density of CNTs) correspond to metallic,
weak-metallic, and semiconducting type CNT network FET
devices, respectively.

Figures 2 and 3 show representative data for the SWNT
network FET devices, which show metallic or weak-metallic
(weak-semiconducting) behaviours before and after proton
irradiation. These figures are the transfer characteristics of an
SWNT network FET device before and after proton irradiation
at 10 and 35 MeV, respectively. The irradiation time and the
fluence for the devices shown in figures 2 and 3 were 1800 and
600 s, 6.9 x 10" and 4.1 x 10" em~2 for 10 and 35 MeV,
respectively.
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Figure 4. Transfer characteristics of semiconducting SWNT network FETSs before and after proton irradiation with energy of 35 MeV and

fluence of 4.1 x 10" cm™2

. (a) Source—drain current versus drain voltage at various gate voltages (Vg = —5, =3, —1,and 1 V).

(b) Source—drain current as a function of gate voltage at various source—drain biases (Vps = 0.5, 1, and 2 V).

We first measured the transfer characteristics before
proton irradiation followed by exposure of the device to the
proton beam, and then measured the characteristics of the
same device after proton irradiation. Figures 2(a) and 3(a)
show the source—drain current versus voltage (Ips—Vps)
characteristics for different gate voltages and figures 2(b)
and 3(b) show the source—drain current versus gate voltage
(Ips—Vi) characteristics for different source—drain biases.
The nearly ohmic shape and negligible dependence on the
gate voltage indicate that these SWNT network FET devices
behave in a metallic (figure 2) or weak-metallic (slight
semiconducting) manner (figure 3). Although the current level
was reduced slightly (by less than ~2%) after the proton
irradiation as compared with that before the irradiation, the
basic transfer characteristics were not influenced by proton
irradiation. Similarly, devices exposed to proton beams of
20 MeV (not shown here) also exhibited a negligible response
after proton irradiation.

We also investigated the electrical properties of SWNT
network FET devices showing semiconducting behaviour and
representative data are shown in figure 4. These particular
devices show p-type semiconducting behaviour, since the
current increases with increasing negative gate voltage whereas
it decreases down to a few picoamperes (pA) with increasing
positive gate voltage. The p-type behaviour of SWNTs has
been attributed to the adsorbed oxygen from the ambient
air [25]. The ratio of the current change (/,,/lofr) is over
10° at Vps = 0.5 V while the gate voltage was swept from
—6to 6 V. Similarly to the metallic and weak-metallic SWNT
network FET devices (figures 2 and 3), the electrical transport
properties of the semiconducting SWNT network FET are
also not influenced by the proton irradiation (figure 4). The
irradiation conditions for this particular device were beam
energy = 35 MeV, irradiation time = 6000 s, and proton
fluence = 4.1 x 102 cm™2.

It is noted that the network SWNT-FETs showed either
metallic (figure 2; left SEM image in figure 1(b)), weak-
metallic (figure 3; middle SEM image in figure 1(b)), or
semiconducting (figure 4; right SEM image in figure 1(b))
nature, which can be attributed to the difference of nanotube
density in the network. Snow ef al [26] investigated a
random network of SWNTs based on the density of nanotubes.
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Table 1. The experimental conditions for proton irradiation.

Energy (MeV) Irradiation time (s)  Fluence (# cm™2)

10,20 300 1.2 x 10!
600 2.3 x 10!

1800 6.9 x 10!

3600 1.4 x 102

35 60 4.1 % 10'°
(SOBP)* 600 4.1 % 10"
6000 4.1 % 102

* SOBP (spread-out Bragg peak) is a range-modulating
method to obtain a uniform does distribution in a
target [23].

They have found that an SWNT network with a low density
behaves like a p-type semiconductor and an SWNT network
becomes metallic if the density of metallic nanotubes exceeds
a percolation threshold.

In our study, as summarized in table 1, we have varied
the proton irradiation conditions: beam energy of 10-35 MeV,
an irradiation time of 60-6000 s, and a proton fluence of
4 x 10'9-4 x 10'> cm™2, which are comparable to acrospace
environments. Although not all of the results for the SWNT
network FET devices are presented here, none of the SWNT
network FET devices (26 devices) systematically measured
exhibited any significantly altered electrical changes before
and after proton irradiation. These results indicate a certain
radiation hardness of CNT-based electronic devices under
proton irradiation in our exposure conditions and suggest
that the CNT devices are promising for future application
in aerospace. Our results are consistent with the report by
Neupane er al [19] that CNT/polymer composites exposed
to the proton beams were very radiation tolerant, with the
potential to be durable in space applications.

Since the electrical properties are strongly related to
molecular arrangements, for example, the bandgap is inversely
related to tube diameter, the lattice information of CNTSs
should be cross-checked to see whether the radiation might
influence their geometrical structures. We performed Raman
spectroscopy to investigate potential structural modifications
which might occur during proton irradiation in our SWNT
network FET devices. A 632.8 nm He-Ne laser (50 mW)
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Figure 5. (a) Raman spectra at an excitation wavelength of 633 nm for the SWNT network FETs before (pristine) and after proton irradiation
of 20 MeV for 300, 600, 1800, and 3600 s corresponding to the fluence of 1.2 x 10", 2.4 x 10',6.9 x 10", and 1.4 x 102 cm™2,
respectively. (b) The intensity ratio of D-band to G-band at different radiation time periods for 10 and 20 MeV proton beams.

was directly focused on the SWNT network in the CNT-
FET devices at room temperature. ~We focused on the
disorder-induced mode (D-band) and tangential modes (G-
band) in the 1200-1700 cm™! region, which are activated
in the first-order scattering process of sp? carbons by the
presence of in-plane substituted hetero-atoms, vacancies, grain
boundaries or other defects caused by the proton irradiation,
and related to a well-ordered graphite, respectively. Figure 5(a)
shows Raman spectra (circular symbols) between 1200 and
1700 cm™! for an unirradiated device (pristine) and a series
of proton (20 MeV)-irradiated SWNT network FET devices
for various time periods. A disorder-induced D-band at
~1321 em™! is clearly observed. The tangential (G-band)
Raman feature with multi-peaks around 1500-1600 cm™! is
due to the vibration symmetry of the SWNTs [27] and can be
decomposed into four Lorentzian curves (four solid curves):
1548, 1564, 1581, and 1591 cm™! peaks. The broad peak
around 1520 cm™! is the Breit—-Wigner—Fano (BWF) line due
to the presence of metallic nanotubes, and the region of the
BWF line can be changed by aggregation and bundling of
nanotubes [28]. The peak around 1581 cm™! is observed in
many graphite-like materials with a metallic character, such
as n-doped graphite intercalation compounds and n-doped
fullerenes as well as metallic SWNTs [28, 29]. It can be
seen that, although the Raman spectra are not exactly the
same before and after proton irradiation, the peak positions
of D-band peak (1321 cm™') and G-band peaks (1548, 1564,
1581, 1591 cm™!) for the proton-irradiated devices do not
change with respect to those for the unirradiated (pristine)
device (figure 5(a)), indicative of insignificant modification
of the band gap structure [30]. Furthermore, in order to
see if any significant defects were produced by the proton
irradiations, the intensity ratio (/p—_band//G—band) of D-band to
G-band in the Raman spectra were then compared. As shown
in figure 5(b), the intensity ratios (/p_pand/IG—bang) did not
change significantly with irradiation time for 10 and 20 MeV
proton beams. These results suggest the proton irradiation did
not influence the structures of the SWNTs and thus support

the irradiation hardness of the electrical properties of SNWT
network FET devices (figures 2—4).

To understand the proton radiation hardness of our CNT-
FET devices, we studied the depth profile of proton reaction
with our device materials using a simulation of the Monte
Carlo code SRIM-2003 [22]. For the simulations, we assumed
that the density of the SWNT network is 2.26 g cm™> (carbon)
and followed a procedure in the SRIM calculation for protons,
described in [31]. The projected ranges for the proton beams
of 10-35 MeV were determined and were found to be around
500-5000 pm deep into the material. Khare et al [20] reported
that, according to Monte Carlo simulations, 1 MeV protons
implant into carbon materials mostly at distances of 16—18 pm.
The thickness of the SWNT network in our device structure is
thin (a few nm), which is very small compared to the depth of
penetration of proton beams of 10-35 MeV (500 to 5000 pm).
The accelerated proton particles deposit their energy near the
end of their path (called a Bragg peak) and the proton beams
used in our experiment do not decrease (up to a few um deep)
from the SRIM simulation, which indicates that the proton
beam simply penetrates through the SWNT layer in our device
structure without losing its energy.

It has been reported that electronic devices became more
radiation tolerant when their dimensions are reduced [32, 33].
For example, multi-quantum well or quantum dot devices
can be tens or hundreds times more radiation tolerant than
conventional bulk devices [32]. Weaver et al [33] even reported
that quantum dot/CNT-based photovoltaic devices were five
orders of magnitude more resistant than conventional bulk
solar cells. These results agree with our observation that the
CNT network FET devices fabricated in our study are very
tolerant to high-energy proton irradiation of 10-35 MeV with
a fluence of 4 x 10'°—4 x 102 cm™2.

4. Conclusion

In summary, we fabricated FETs of a network type using
SWNTs and examined the electrical properties of CNT
network FET devices before and after high-energy proton
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irradiation. From electrical measurement and Raman spectra,
we found that the electrical properties of SWNT network FET
devices undergo no significant changes as the result of proton
irradiation with an energy of 10-35 MeV and a fluence of
4 x 104 x 10'> cm™2. The electrical results and Raman
data indicate that CNT network FET devices are very tolerant
under our proton beam conditions which are comparable to
an aerospace environment, and suggest a radiation hardness of
CNT-related electronic devices when used in outer space.
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