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We investigated the proton irradiation effect of thermal

conductivities for individual single-crystalline Bi nanowires

grown by the on-film formation of nanowires (ON–OFF). The

thermal conductivities of Bi nanowires with diameter of 154

and 112 nm were measured using suspended devices before and

after proton irradiation, respectively. It was founded thermal
conductivities of Bi nanowires appreciably decrease after

proton irradiation, which was caused by the destruction of

single-crystallinity due to the high-energy proton impingement.

This result indicates the defects of Bi nanowires created by

proton drastically limit the mean free paths of phonons,

resulting in the change of thermal transport of Bi nanowires.
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1 Introduction With a development of nanotechnol-
ogy, the researches on synthesis and characteristics of low
dimensional nanostructure have been challenging issues
of scientific and technological concern. In particular, single-
crystalline bismuth (Bi) nanowires has attracted great
attention due to its unique transport properties such as long
mean free path, high mobility [1], and large magnetoresi-
tance [2]. Furthermore, ever since Dresselhaus et al. [3, 4]
predicted theoretically that thermoelectric property of
single crystalline Bi nanowires would increase by quantum
confinement effect and size effect, the study on the transport
phenomena of Bi nanowires has been intensively researched
[5–7]. Most of experimental studies on Bi nanowires so
far have focused on the unique electrical properties of Bi
nanowires [8–13]. Although theoretical studies on the
phonon transport in nanowires have revealed the thermal
transport was effectively controlled by nanostructure [14–16],
only a few studies have been carried out on thermal transport in
Bi nanowires due to the difficulties of measuring properties
of individual nanowires. Moore et al. [17] have reported
thermal conductivity (k) suppression in Bi nanowires due to
enhanced boundary phonon scattering. In prior report, we
have found that the highly anisotropic thermal transport
properties in single crystalline Bi nanowires were caused by
unique crystal structure of Bi [18]. Although electrical and
thermal transport properties are known to be sensitive to
radiation-induced defects in bulk [19, 20], even so, there has
been no systematic study on the proton irradiation effect of
thermal conductivities for individual single-crystalline Bi
nanowires, which is of significant importance in predicting
the thermal transport phenomena in nanostructure. In this
report, we investigated the proton irradiation effects on
the thermal conductivity and crystal structure of individual
single-crystalline Bi nanowires grown by the on-film formation
of nanowires (ON–OFF).

2 Experiment Single-crystalline Bi nanowires were
grown using the OFF–ON [1, 21], which is a stress-activated
nanowire growth method. As shown in Fig. 1a, the Bi
nanowires grown by this method were uniform in diameter
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



2 J. W. Roh et al.: Thermal transport in individual single-crystalline Bi nanowires
p

h
ys

ic
a ssp st

at
u

s

so
lid

i a

Figure 1 (a) Field emission scanning electron microscopy
(FE-SEM) image of single-crystalline Bi nanowires grown by the
OFF–ON method. (b) SEM image of an individual Bi nanowire
placed on the suspended MEMS. The membranes were thermally
isolated and supported with six legs (inset).

Figure 2 (a) The thermal conductivitiesof individual Binanowires
with d¼ 112 and 154 nm before and after proton irradiation. The
inset shows the normalized deposition energy onto the Bi nanowires
with the respective diameters. (b) The ratio of thermal conductivities
before and after proton irradiation for Bi nanowires with d¼ 112 nm
(A) and 154 nm (B) over the range of 260–300 K. The ratios
of normalized deposition energy and total deposition energy are
compared with the A/B.
with aspect ratios exceeding 1000. To measure the thermal
conductivities of the Bi nanowires, they were dispersed on
suspended MEMS by a drop-casting method. The suspended
MEMS, which consist of two adjacent silicon nitride (SiNx)
membranes and six long beams as shown in the inset of
Fig. 1b, were employed for measuring thermal conduction
only through individual nanowires without thermal conduc-
tion through the substrate. The detail procedure of thermal
conductivity measurement was introduced in prior report
[22–24]. A Pt resistance thermometer (PRT) coil on each
membranes act as both a heater to increase the temperature of
a membrane and a thermometer to measure the temperature
of the membrane. In order to reduce the thermal contact
resistance between the Bi nanowires and each membrane,
Pt/C thermal contacts were locally deposited using a dual-
beam focused ion beam (FIB), as shown in Fig. 1b. The
temperature difference between heating and sensing mem-
branes was optimized within 5 K to prevent heat conduction
by radiation. The thermal conductivity measurement was
carried out in a cryostat with a vacuum of less than
1� 10�6 Torr to eliminate convectional heat loss. Typical
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
temperature scan range was 40–300 K. In this study, two
diameters (112 and 154 nm) of nanowires were under focus.
Proton irradiation experiment was conducted using cyclo-
tron facility in the Korea Atomic Energy Research Institute
(KAERI). The irradiation beam energy, affluence, and
total dose were 17.2 MeV, 5� 1012 cm�2, and 2 Mrad (Si),
respectively. The total number of protons that irradiated the
Bi nanowires was calculated to be 46,000 and 61,600 for
the respective 112 and 154 nm nanowires.

3 Results and discussion The thermal conduc-
tivities of Bi nanowires with two different diameters were
measured before proton irradiation and the results are shown
in Fig. 2a (upper two curves). The thermal conductivities of
112 nm nanowire are lower than those of 154 nm nanowire
over the entire temperature range and they are 2.00 W/m �K
(112 nm) and 2.93 W/m �K (154 nm), respectively, at
www.pss-a.com
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300 K. The measured values are coincident with those
of Bi nanowires with [110] growth direction from our
previous work [18], showing the size-dependence of
thermal conductivity. After measuring thermal conductivity,
the proton irradiation experiment was performed on the
same Bi nanowires which were stuck to the suspended
MEMS and the samples were located at the center of the
proton beam to minimize a dependency of energy and
flux on the position. The thermal conductivities after
proton irradiation are also displayed in Fig. 2a (bottom two
curves). For both diameters, the thermal conductivities
of the proton-irradiated Bi nanowires are significantly
lower than the values before irradiation. Specifically, the
post-irradiation thermal conductivities at 300 K are 1.26
and 1.51 W/m �K for the respective 112 and 154 nm
nanowires, corresponding to a thermal conductivity change
ratio (¼(kpre-irradiation� kpost-irradiation)/kpre-irradiation� 100)
of about 37 and 48% for each diameter. As a comparison,
the resistance of the Pt coils of the suspended membrane
was measured to be 3.492 and 3.521 kV before and after
proton irradiation, indicating the suspended MEMS itself
was not seriously damaged by exposure to protons. These
results suggest that the thermal transport in Bi nanowires was
suppressed by some scattering sources such as point defects
and dislocations generated by proton-irradiation [19, 20].

In order to correlate the change of thermal conductivity
with the magnitude of proton irradiation, the irradiation
energy on Bi layer was calculated by linear energy transfer
(LET, or dE/dx), which explains the energy loss per unit
distance. When a proton penetrates materials, it interacts
with the target atoms and loses its energy in various ways
including elastic scattering and inelastic scattering. The
energy loss can be expressed by the Bethe formula as
follows [25]:
�
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Figure 3 (a) High-resolution TEM image of a single-crystalline Bi
nanowire (dw¼ 154 nm) before proton irradiation. The inset shows
a selected area electron diffraction (SAED) pattern for the Bi
nanowire. The SAED pattern of the nanowire indicates that the
nanowire was grown in the [110] direction with high-quality single-
crystallinity. (b) A high-resolution TEM image of the Bi nanowire
after proton irradiation. The SAED pattern in the inset shows that
the single-crystallinity was destroyed after exposure to protons.
where n is the particle velocity, z particle energy, N electron
density, Z atomic number of the absorber atom, m0 electron
rest mass, e electron charge, I average excitation, and
ionization potential of the absorber. Since the paths of the
protons in the material are not usually straight but rather
scatter when they encounter target atoms, we adopted a
Monte-Carlo radiation transport tool, which was named
Monte-Carlo N-Particle Transport Code System (MCNPX)
version 2.4.0 [26]. In order to simulate the irradiation
experiments using the MCNPX, we assumed that the Bi
nanowires were irradiated by the uniform monochromatic
beam since the beam profile could be regarded as a constant
within the dimension of the Bi nanowires. Therefore, we
calculated the energy deposition assuming that surface-
proton sources are collimated with a single energy of
17.3 MeV. Geometry of the nanowires was simplified as a
cylinder of Bi core with a bismuth oxide (Bi2O3) shell.
For the statistical reliability, the particles of 2� 109 were
calculated. Under these conditions, calculated total depo-
.pss-a.com
sition energies were 42.297 and 73.242 MeV, respectively,
for 112 and 154 nm nanowires. As shown in the inset of
Fig. 2a, the normalized deposition energies, which are total
deposition energies divided by the numbers of incident
particles, are 9.1951� 10�4 and 1.189� 10�3 MeV/particle
for the respective 112 and 154 nm nanowires. From this
result, it is found that normalized deposition energy is larger
for thicker nanowires, explaining that more defects may be
induced into the thicker nanowires from proton irradiation
[19, 20], which greatly reduce their thermal conductivities.
When the effect of proton irradiation is defined as the
relative ratio of kpre-irradiation/kpost-irradiation, the effects
for the two nanowires are plotted in Fig. 2b over the
available temperature range of 260–300 K. It is observed
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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from Fig. 2b that the thermal conductivity change for
154 nm Bi nanowire (B) is higher than that for 112 nm Bi
nanowire (A), implying that the conductivity change is
proportional to deposition energy. The ratios of thermal
conductivity changes between the 112 and 154 nm
nanowires (A/B), the normalized deposition energy ratio,
and total deposition energy ratio are also included in Fig. 2b.
The relative ratio of A/B had little correlations with
the total deposition energies, whereas it is in fairly well
agreement with the ratio of normalized deposition energies
within the considered temperature range (260–300 K).
This reflects that the incident protons would have more
chances to interact with the target atoms under uniform
affluence in thicker nanowires.

In order to confirm any structural changes of Bi
nanowires occurring through proton irradiation, high-
resolution transmission electron microscopy (HR-TEM)
was employed. Figure 3 shows the high-resolution TEM
images of an as-grown Bi nanowire and a proton-irradiated
Bi nanowire with corresponding selected area electron
diffraction (SAED) patterns in the insets. The TEM image
of the as-grown Bi nanowire reveals high-quality single-
crystallinity with a growth direction of [110] (Fig. 3a). On the
other hand, the TEM image of the proton-irradiated Bi
nanowire shows a destruction of the single-crystallinity,
represented by various defects such as grain boundaries,
point defects, and local amorphous spots, which were most
likely generated by the impingement of high-energy protons.
For this reason, the SAED pattern of the proton-irradiated
Bi nanowire exhibits smeared major spots, weak rings,
and scattered small spots, as shown in the inset of Fig. 3b.
Considering this with the thermal conductivity results
discussed earlier, it seems to be plausible to conclude that
the thermal transport in proton-irradiated Bi nanowires is
substantially suppressed by various crystal defects induced
through protons-Bi atoms interactions that may significantly
reduce the phonon mean free path.

4 Conclusions In summary, the thermal conduc-
tivities of individual single-crystalline Bi nanowires, which
were grown by the OFF–ON method, were measured
using suspended MEMS before and after proton irradiation,
respectively. The thermal conductivity substantially decreased
and the crystal structure was significantly destructed after
exposure to protons, indicating that thermal transport
through a Bi nanowire is suppressed due to the destruction
of crystal lattice by proton irradiation. From the simulation
and experimental data, the decrease in thermal conductivity
was more pronounced at thicker Bi nanowires, justifying that
the irradiated proton particles have more chances to interact
with the target atoms under uniform affluence in thicker
nanowires. Our results suggest that proton irradiation plays
a significant role in determining thermal transport in Bi
nanowires and this effect should be brought under serious
consideration for any thermoelectric applications.
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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