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Because of their low cost, low energy consumption, high performance, and
exceptional electrical properties, nanocomposites containing carbon nan-
otubes are suitable for use in many applications such as sensing systems. In
this research work, a metal–semiconductor–metal (MSM) structure based on a
multiwall carbon nanotube/high-density polyethylene (MWCNT/HDPE)
nanocomposite is introduced as a neutron sensor. Scanning electron micro-
scopy, Fourier-transform infrared, and infrared spectroscopy techniques were
used to characterize the morphology and structure of the fabricated device.
Current–voltage (I–V) characteristic modeling showed that the device can be
assumed to be a reversed-biased Schottky diode, if the voltage is high enough.
To estimate the depletion layer length of the Schottky contact, impedance
spectroscopy was employed. Therefore, the real and imaginary parts of the
impedance of the MSM system were used to obtain electrical parameters such
as the carrier mobility and dielectric constant. Experimental observations of
the MSM structure under irradiation from an americium–beryllium (Am–Be)
neutron source showed that the current level in the device decreased signifi-
cantly. Subsequently, current pulses appeared in situ I–V and current–time
(I–t) curve measurements when increasing voltage was applied to the MSM
system. The experimentally determined depletion region length as well as the
space-charge-limited current mechanism for carrier transport were compared
with the range for protons calculated using Monte Carlo n-particle extended
(MCNPX) code, yielding the maximum energy of recoiled protons detectable by
the device.

Key words: MWCNT/HDPE nanocomposite, electrical properties, neutron
irradiation, proton recoil, HDPE, neutron detection

INTRODUCTION

Recent years have witnessed great interest in
micro- and nanostructured semiconductor materials
for use in sensors, electronic devices, and catalysts.1

Various methods have been developed for synthesis

of nanostructured electronic devices and nanocom-
posites in the hope of designing and fabricating
radiation sensors, ultraviolet (UV) photodetectors,
and various optical devices.2,3

Measurement of the energy of fast neutrons is
very important in various research fields such as
nuclear physics, advanced nuclear technology, med-
ical diagnosis, radiotherapy, and radiation protec-
tion. Recently, carbon-based materials have been(Received November 28, 2016; accepted January 31, 2017;
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used in many applications such as sensors, nano-
electronics, optical switches, etc. due to their unique
electrical, thermal, and mechanical properties.4–6

Specifically, many studies have been conducted to
investigate CNT/polymer composites.7–10 Moreover,
their application in nanoelectronic sensors has been
explored because of their rapid and sensitive
response.11 Originally, in this regard, analysis of
charged particle radiation is necessary to investi-
gate the properties of nanoelectronic devices in
many applications, especially in outer space condi-
tions and for radiation detection systems.12–17

Recently, graphene field-effect transistors and 10B-
based converters have been used as a radiation
detection platform and for thermal neutron
detection.18,19

On the other hand, materials with low atomic
number such as hydrogen are desirable candidates
for fast neutron detection applications because of
their high elastic scattering cross-section for fast
neutrons.20 Hydrogenous materials, such as poly-
ethylene, undergo (n, p) reactions from fast neu-
trons, generating recoiled protons which are
detectable by common charged particle
detectors.21,22

Conventional semiconductor-based detectors are
common devices for radiation detection. Most such
detectors are made of silicon and germanium, and
their main feature is high energy resolution com-
pared with other radiation detectors.23 Further-
more, these detectors have many advantages such
as compactness, low weight, simple operation, and
low applied voltage, compared with gas chambers or
scintillation techniques. In this study, polyethylene
as a converter layer and carbon-based composite as
a charged particle detector were employed based on
back-to-back Schottky diodes in a metal–semicon-
ductor–metal (MSM) structure. Since high-density
polyethylene (HDPE) has semiconducting proper-
ties, it has been widely used in organic electronics,24

so it seems that the fast neutron detector platform
demonstrated herein can be categorized as an
organic electronic device as well. Under exposure
to irradiation from an americium–beryllium (Am–
Be) neutron source, the current–voltage (I–V) char-
acteristics of the fabricated device were measured
in situ. The results showed that the electrical
characteristics of the proposed fast neutron detector
device, such as the I–V and current–time (I–t)
curves, changed during and after neutron
irradiation.

FABRICATION AND CHARACTERISTICS

Arc discharge is the oldest technique to produce
carbon nanotubes (CNTs) in bulk, first used by
Iijima in 1991. This method has also been developed
for use in polyethylene glycol solution as liquid
medium with graphite electrodes.25 As shown in
Fig. 1, in the present work, the arc discharge
method with two copper (Cu) electrodes in molten

HDPE was used. Note that the high-voltage gener-
ator is connected to copper electrodes mounted in
molten HDPE, and this setup is placed on a glass
sheet where the HDPE is heated by a heating
system. The distance between the electrodes (chan-
nel length, L) was about 680 lm.

After the growth process, I–V measurements were
carried out using a BHP-2064 electrochemical anal-
ysis system by the two-probe method, using a
counting and reference probe and another as the
working probe.

The morphological properties were characterized
by scanning electron microscopy (SEM). Figure 2
shows SEM images of the synthesized sample at
different magnifications.

According to the SEM images, it is concluded that
the CNTs were coated with HDPE (Fig. 2a), similar
to the composites presented in Ref. 26. Also, Fig. 2c
shows that bundled multiwall carbon nanotubes
(MWCNTs) were coated by HDPE chains, where the
mechanism of formation is similar to the process
explained in Ref. 27.

To investigate the functionalization of the com-
posite, infrared (IR) and Fourier-transform infrared
(FTIR) analyses were used. In this method, IR
radiation is focused on the sample and its absorp-
tion (or transmittance) observed, which is a quan-
tized process. It is clear that two molecules do not
have exactly the same IR spectrum. The infrared
spectrum of the synthesized sample was obtained
using a Shimadzu IR spectrometer in the wavenum-
ber range from 500 cm�1 up to 4000 cm�1 using
potassium bromide (KBr) pellets. To show that the
synthesized sample was a composite of MWCNTs
and HDPE, their FTIR spectra were investigated
and compared with the IR spectrum of the sample
used in this work.

The signals at 2926 cm�1 and 2853 cm�1 in
Fig. 3a correspond to modes of CH2 group in
hydrocarbons. Similarly, it is well recognized that
CH2 vibration produces absorption at about
1460 cm�1. So, the strong peak at about 1460 cm�1

for polyethylene is due to bending mode of CH2

group. Also, the rocking mode of CH2 group gives
rise to the intense peak in the spectrum near
725 cm�1.28 The peak at 3443 cm�1 in the FTIR
spectrum of the MWCNTs (Fig. 3d) can be ascribed
to O–H vibration in carboxyl group.29,30 The peaks
appearing in the region between 1640 cm�1 and
1670 cm�1 can be attributed to stretching of the
CNT backbone and carboxyl groups.31 These results
clearly establish that the IR spectrum of the syn-
thesized sample (Fig. 3b) is the combination of those
in Fig. 3a and d.

EXPERIMENTAL PROCEDURES

Device Modeling

A semiconductor with two metal contacts on
opposite sides is introduced as an MSM structure,
with operation and performance related to the
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contact types. In literature, Schottky contacts in the
MSM system are known as back-to-back Schottky
diodes.32 In this work, the MSM system was mod-
eled as two Schottky barriers connected back-to-
back. This back-to-back Schottky model under the

assumptions of thermionic emission theory was
used for the carbon-based MSM system. Using
thermionic emission theory, the current at a specific
temperature, T, for barriers 1 and 2 can be written
as33

Fig. 1. Schematic of fabricated MWCNT/HDPE composite-based Schottky diode.

Fig. 2. SEM images of (a) cylindrical nanoparticles seen in (b), and (c) bulk nanoparticles in the synthesized sample.

Fig. 3. (a) FTIR spectrum of polyethylene, (b) IR spectrum of synthesized sample, (c) background, and (d) FTIR spectrum of pristine MWCNTs.
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I1 ¼ Is1 expð qV1

nkBT
Þ�1

� �
; ð1Þ

I2 ¼ �Is2 expð� qV2

nkBT
Þ�1

� �
; ð2Þ

where Is1;s2 ¼ ART2 exp � qUB1;B2

kBT

� �
, R is the Richard-

son constant, A is the area of the contact cross-

section, UB1 and UB2 are the Schottky barrier
heights, q is the electron elementary charge, and
kB is the Boltzmann constant. Nevertheless, surface
disorder and random surface states also affect the
Schottky barrier formation in both junctions, result-
ing in deviation of the barrier height from the ideal
Schottky barrier. The latter effect is determined by
a dimensionless parameter called the identity fac-
tor, n. Also, image-force effects should be consid-
ered, resulting in voltage dependence of the barrier
heights as given in Ref. 32:

UB1¼UB01 þ V1
1

nif
�1

� �
; ð3aÞ

UB2¼UB02 þ V2
1

nif
�1

� �
; ð3bÞ

where nif is a dimensionless parameter, UB01 and
UB02 are the zero-bias barrier height values, and V1

and V2 are the voltages applied on barrier 1 and 2,
respectively. Other effects such as tunneling cur-
rents or generation–recombination in the depletion
region should be included in Eq. 3 as well as.
According to the current continuous theory, the
total current I across the device is I = I1 = I2, setting
V = V1 + V2. Therefore, the I–V relationship for the
MSM system with two Schottky contacts is

IðVÞ ¼
2Is1Is2 sinh qV

2nkBT

� �

Is1exp qV
2nkBT

� �
þ Is2exp �qV

2nkBT

� � : ð4Þ

It is important to mention that the reverse bias V2

can be replaced by the forward bias V1 on switching
the current direction. Therefore, a symmetrical I–V
curve is obtained when using two identical metals.
Additionally, another improved approach for anal-
ysis of the MSM system was presented in Ref. 34.

The modeling results indicated that the reverse-
biased voltage V2 along the MSM system is rela-
tively larger and constant compared with V1. As a
result, the calculated value of the depletion layer
length, obtained from impedance spectroscopy
results (see Sect. 6), is mainly related to the
reverse-biased junction, so the device can be roughly
considered to be a reverse-biased Schottky diode,
which is the purpose of I–V modeling.

Experimental Setup

The experimental setup and method used to
measure the response of the MSM system to neu-
trons from the Am–Be neutron source at room
temperature were as follows: Firstly, the sample
separated from the glass substrate (Fig. 1) was
attached to a HDPE sheet with a circular hole as a
window for the proposed detector (Fig. 4).

The sample was then placed in a hole formed in
the outer wall of a polyethylene cylindrical shell
(Fig. 5). Meanwhile, the neutron source was placed
at the center of the cylindrical shell so that neutrons
would pass through the hole and collide with the
device. Additionally, the distance from the detector
to the source was about 12 cm, as shown in Fig. 5.

In the next step, when the setup was completed,
I–V and I–t measurements were carried out by
linear sweep voltammetry and chronoamperometry
methods, respectively.

Monte Carlo Simulation

In this work, Monte Carlo n-particle extended
(MCNPX) code was used to simulate the effect of
neutron irradiation on the MSM system and to
optimize the thickness of the HDPE converter layer
for the Am–Be neutron source. A volumetric and
isotropic 241Am–9Be neutron source was considered
in the MCNPX code. The 241Am–9Be neutron source
has a relatively long half-life (432.7 years), in which
241Am is an alpha particle emitter and generates
neutrons through the 9Be(a,n)12C reaction.23 This
reaction has several neutron and photon channels,35

with 4.438-MeV gamma rays being the most impor-
tant in the gamma channel, since 60% of generated
neutrons are emitted in coincidence with 4.438 MeV
gamma-rays.36,37 However, the effects of gamma
rays can be ignored in this situation. It is important

Fig. 4. Scheme of MWCNT/HDPE nanocomposite Schottky diode-based detector platform.
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to mention that the activity of the source is about
5 curie (Ci).38

The MCNPX code includes transport of not only
neutrons but also recoiled protons in all energy
ranges. Recoiled protons pass through the HDPE
layer, where some of them are stopped, while others
subsequently reach the active volume of the Schot-
tky contact. The optimum thickness of the HDPE
converter layer was calculated using the F1 tally,
i.e., the number of recoiled protons per neutron, as a
function of converter thickness. The optimum value
of the HDPE thickness was about 1.5 mm, as shown
in Fig. 6.

The relationship between the range of protons in
the MWCNT/HDPE composite with different weight
fractions of MWCNT and their energies is presented
in Fig. 7. As expected, it can be seen that increasing
the weight fraction of MWCNTs in the composite
resulted in reduced proton range at given energy.
This means that the maximum energy of the
recoiled protons deposited in the depletion region
increased at higher MWCNT fraction. We should

also point out that the greatest portion of the proton
energy is deposited at the end of the path, which can
be described by the Bragg curve of the proton.39

Depletion Region Considerations

The depletion width W in a Schottky contact can
be determined by Poisson’s equation as33

W ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e0e
qN

ðVbi � VAÞ

s
; ð5Þ

where e0 is the vacuum permittivity, e is the relative
permittivity of the semiconductor, Vbi is the built-in
voltage, N is the dopant density, q is the electron
charge, and VA is the voltage applied across the
Schottky contact in forward bias. To obtain the
depletion width, the capacitance across the diode
should be measured in different biases. The slope of
the C�2 versus V curve gives the built-in voltage and
doping density.40 This capacitance measurement
method is commonly used to obtain the depletion
width in Schottky contacts. Unfortunately, capaci-
tance measurements on organic Schottky junctions

Fig. 5. Scheme of detector exposure method (a = 5 cm, b = 13 cm).

Fig. 6. Number of recoiled protons as function of HDPE converter
thickness.

Fig. 7. Range–energy curves for protons in MWCNT/HDPE com-
posite with different weight fractions (wf) of MWCNTs.
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are challenging due to their unique properties,41

thus Vbi and N were estimated. In the framework of
Schottky emission for a metal–semiconductor con-
tact, Vbi can be estimated from the I–V curve using
the relation42

lnðJÞ ¼ bðV þ VbiÞ1=4; ð6Þ
where b and Vbi are fitting parameters and J is the
current density. Meanwhile, N can be obtained from
r = qNl. Hence, the problem is reduced to obtaining
the composite conductivity and charge carrier mobil-
ity, l. In addition, the electrical conductivity, r, of
many materials including organic, polymer, and
crystal materials can be obtained as the sum of the
direct-current (DC) and alternating-current (AC)
conductivity (i.e., r = rDC + rAC).43,44 The DC con-
ductivity (rDC) of the composites can be calculated
from the I–V characteristic curve using the relation45

rDC¼
IL

VA
: ð7Þ

On the other hand, impedance spectroscopy can
be used to measure the AC conductivity and dielec-
tric properties of the MSM structure, being
employed here in the frequency range from 102 Hz
to 105 Hz. Therefore, the latter method has been
used to obtain parameters such as the dielectric
permittivity or dielectric constant (e¢), dielectric loss
(e¢¢), and dissipation factor (tan d) as functions of
frequency.46 It is well known that the dielectric
constant can be written as a complex number, i.e.,
e = e¢ � ie¢¢, where the imaginary and real parts can
be calculated from the following equations47:

e0 ¼ Z00

xe0
A
L Z

2
; ð8aÞ

e00¼ Z0

xe0
A
L Z

2
; ð8bÞ

where x (=2pƒ) is the angular frequency of the
applied electric field, ƒ is the measured frequency,
and Z¢ and Z¢¢ are the real and imaginary parts of

the impedance Z measured at frequency ƒ. Finally,
the AC conductivity (rAC) can be obtained from the
above data using the following relation47:

rAC � xe0e
0tan d¼xe0e

00; ð9Þ
where tan d is the ratio of e¢¢ and e¢. To estimate the
mobility, the space-charge-limited current (SCLC)
mechanism for sandwich contacts (such as the MSM
system) was employed, being the method commonly

Fig. 8. I–V characteristics for different neutron irradiation durations. Fig. 9. Scheme of combination process of conduction electrons with
positive trap charges at the HDPE/(MWCNT/HDPE) interface.

Fig. 10. I–t curve for V = 1 V.

Fig. 11. I–t curve for V = 1.8 V.
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used in organic semiconductor-based electronics.48

Then, the charge carrier mobility, l, is given by the
equation49,50

l ¼ 8

9

1

e0e
L3 @

ffiffiffiffi
J

p

@V

 !2

; ð10Þ

where L is the distance between the two electrodes
(channel length).

RESULTS AND DISCUSSION

The effect of different durations of in situ neutron
irradiation on the I–V characteristics of the
described MSM system was studied. The results
obtained for different irradiation durations are
shown in Fig. 8, which can be explained based on
the energy band diagrams in the irradiated and
nonirradiated conditions. Figure 9 schematically
describes the proposed radiation-induced effect on
the I–V characteristics of the MSM structure.

It is assumed that the positive charges in the
HDPE layer, created along the path of proton recoil,
induce positive trap charges at the top of the HDPE
layer and that conduction electrons combine with
holes at the HDPE/(MWCNT/HDPE) interface.51

This will change the concentration of conduction
electrons, raising the conduction band. Therefore,
the current flow in the MWCNT/HDPE channel is
decreased due to the wider energy bandgap.13

Additionally, one of the main reasons for current
reduction in carbon nanoparticle (CNP)-based
Schottky diode is the scattering of electrons in
CNPs strain by beta-ray irradiation.17

On the other hand, the current also reduces with
increasing irradiation time, as shown in Fig. 8. It is
clear that the concentration of positive trap charges
increased simultaneously as the neutron irradiation
time was increased.

The two I–t curves shown in Figs. 10 and 11 were
obtained in conditions with and without neutron
irradiation. Figure 10 shows the results for bias
voltage of V = 1 V, while Fig. 11 presents the same
results for bias voltage of V = 1.8 V.

Detection of charged energetic particles, e.g.,
recoiled protons from neutrons, using Schottky

diodes has been reported.52,53 The Schottky diode
detects charged particles by collecting electron–hole
pairs generated along the path of the particle in the
depletion region. Therefore, the detector produces a
pulse whose amplitude is proportional to the collected
charge. The amount of charge collected may be less
than the charge generated in the depletion region due
to electron–hole recombination and charge trapping.
These effects can be reduced by appropriate selection
of the detector material and increasing the intensity
of the electric field in the depletion region.

Figure 12 illustrates the variation of e¢ and e¢¢
with frequency for the MSM structure. On the basis
of depletion region considerations (Sect. 3.4), the
results highlight full depletion of the composite
layer, where the width of the depletion region is
attained at the threshold voltage where current
pulses start (Vth @ 1.8 V). Therefore, the MSM
structure can be regarded as a capacitor under
sufficiently large bias voltage. Moreover, the full
depletion region of the organic semiconductor-based
MSM system was reported.54

CONCLUSIONS

Two Schottky contacts were fabricated using an
MWCNT/HDPE composite between two identical
copper electrodes. SEM images and the IR spectrum
of the synthesized nanocomposite were used for
morphological characterization, and the device I–V
characteristics were measured before and after
neutron irradiation. The effect of neutron irradia-
tion on the MWCNT/HDPE-based metal–semicon-
ductor–metal structure was studied. The p-type
back-to-back Schottky diodes were modeled using
thermionic emission theory. The built-in potential,
Vbi, of the MSM structure was estimated from the
experimental I–V curve by fitting the ln(J) versus V
curve using Eq. 6. Furthermore, the charge carrier
mobility was obtained from the I–V curve using the
SCLC methodology, and the dielectric constant and
charge concentration were estimated. Finally, on
the basis of impedance measurement results and
analytical calculations, a full depleted layer was
obtained for the MSM structure. The maximum
energy of detectable neutrons was obtained, lying in

Fig. 12. (a) Real and (b) imaginary parts of complex permittivity of MWCNT/PE composite as function of frequency.
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the energy range of 7 MeV to 8 MeV, by using the
effective sensitive area of the device. The results
demonstrate that nanostructured materials can be
applied in shield designs for radiation protection
applications.
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