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  1.     Introduction 

 Among all sources of near-zero carbon-emission energies, 
nuclear energy is the only available, proven and affordable 
large-power electricity generation to date. [ 1 ]  According to recent 
reports, [ 2 ]  nearly 15% of the electricity needs worldwide were 
provided by nuclear power plants, and even larger percentages 
in France (80%) and US (20%). With increasing demand for 
electricity, nuclear energy must be one of the essential parts in 
the diversity of energy sources, especially at the current stage of 
underdeveloped renewable energy. New nuclear power plants 
are being built and more are planned over the next decades. [ 2 ]  
However, severe nuclear accidents [ 3 ]  that occurred in Three 
Mile Island, US (1979), Chernobyl, USSR (1986), and more 
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recently in Fukushima, Japan (2011) have 
decreased the public confi dence of using 
nuclear power, which greatly underscores 
the importance of meeting the highest 
standards of safety, both in operation of 
the existing nuclear power plants and in 
new designs of advanced nuclear reac-
tors, including small modular reactors. [ 4 ]  
To date, many of the existing reactors are 
approaching their designed operation 
lifetime. As a priority, research is criti-
cally needed to develop technologies that 
will sustain the safety of current reactors, 
including advanced monitoring systems 
that can quantify the “state of health” of 
structural materials in the current reactor 
fl eet and predict their residual safe oper-
ating life. In addition, the monitoring 
system can be integrated into advanced 
reactors and new builds for inspectability 
and safety enhancement. Fast neutron 

monitors have been developed for application in various fi elds, 
including a spallation neutron source, [ 5 ]  material testing reac-
tors, [ 6 ]  a subcritical facility, [ 7 ]  and an accelerator-based neu-
tron generator. [ 8 ]  Many of the designs involve a coating of 
polyethylene [ 5,7,9 ]  or fi ssile materials, [ 6 ]  interacting with fast 
neutrons to create proton recoils or fi ssion products that ionize 
gas and form electrical signals. In nuclear plants and neutron 
irradiation facilities, small online fast neutron fl ux monitors are 
much needed for effective assessment of material degradation 
in critical areas as well as for measurement of fast neutron dose 
in irradiated samples. 

 Nanostructured materials are of both scientifi c interest and 
technological importance. [ 10 ]  Their potential as an advanced 
sensing material for nuclear radiation has not been extensively 
explored. So far, very few reports have been published in the 
research fi eld. Our previous studies [ 11 ]  indicate that highly 
porous fi lms of loosely interconnected magnetite (Fe 3 O 4 ) 
nanoclusters, composed of crystalline grains of ∼3 nm in size, 
undergo a dramatic change in nanostructure after 5.5 MeV Si 2+  
ion irradiation to a fl uence of 10 16  Si 2+ /cm −2  at nominally room 
temperature (RT). The structural change leads to magnetic 
domain growth, occurrence of magnetic anisotropy, and transi-
tion from superparamagnetic to ferromagnetic behavior. Sim-
ilar as-deposited fi lms of SmCo 5  nanoparticles with an average 
size of 3.5 nm were also shown to be superparamagnetic. [ 12 ]  
Recently, nanocluster fi lms of iron-magnetite (Fe-Fe 3 O 4 ) core-
shells were found [ 13 ]  to reduce Fe valence in the oxide shell after 
ion irradiation. In general, energy deposition by ion irradiation 
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modifi es material structure and properties through defect gen-
eration, accumulation and interaction, amorphization, phase 
transition, nucleation and growth of precipitates and gas blis-
ters, grain growth, void formation, volumetric expansion, 
micro-cracking, etc. Material resistance or susceptibility to 
nuclear radiation depends on its structural stability. It is crucial 
to study structural changes induced by nuclear irradiation and, 
in particular, evolution of nanostructures examined by in situ 
methods that produce data capable of gaining physical insights 
into the basic processes involved in the structural changes. 
Previous in situ studies of microstructural evolution under 
ion irradiation have employed a transmission electron micro-
scope (TEM) interfaced with an ion implanter or accelerator, [ 14 ]  
including facilities at Argonne National Laboratory in US, [ 15 ]  
National Institute for Materials Science in Japan, [ 16 ]  Center of 
Nuclear Spectrometry and Mass Spectrometry in France, [ 17 ]  
Wuhan University in China, [ 18 ]  and more recently at Sandia 
National Laboratory, [ 19 ]  to just list a few. By using the in situ 
capabilities over the past decades, major advances have been 
achieved in understanding defect formation, defect interactions 
and nanostructural evolution in various ion-beam irradiated 
materials. [ 15,20 ]  Other in situ methods have also been developed 
and applied to study behavior of battery materials under dif-
ferent conditions. [ 21 ]  

 One focus of this study is the in situ examination of nano-
structural evolution with dose in nanocluster fi lms of Fe 3 O 4  
and Fe-Fe 3 O 4 . Recent technological advances have led to emer-
gence of Helium Ion Microscope (HIM). [ 22 ]  Compared to 
conventional Scanning Electron Microscope (SEM), HIM has 
demonstrated an improved imaging capability with better sur-
face sensitivity, higher spatial resolution, larger depth of fi eld, 
and sharper atomic number contrast. Since its commercializa-
tion in 2007, HIM has produced impactful results in a number 
of fi elds, including precision graphene cutting, [ 23 ]  imaging of 
nanostructures and biological samples, [ 11,24 ]  patterning and 
lithography, [ 25 ]  and elemental analysis with sub-nanometer 
spatial resolution. [ 26 ]  While imaged using secondary electrons 
or backscattered He +  ions, the material is simultaneously 
under He +  ion irradiation, which produces atomic displace-
ments in the material. This unique characteristic allows HIM 
to be applied to in situ study of nanostructural evolution under 
He +  ion irradiation at sub-nanometer resolution (0.35 nm) 
within the beam dwelling time, typically on the order of tens 
to hundreds of microseconds per pixel. It should be noted that 
under normal operation conditions, HIM provides high-quality 
imaging with negligible damage production. Very high ion fl u-
ence must be applied for most materials in order to produce 
observable morphology changes on the surface. Subsurface 
lattice damage from energetic He +  ions can be investigated 
through cross-sectional view. [ 27 ]  Compared to the TEM-accel-
erator system, HIM provides a new, complementary in situ 
capability for studying bulk samples. Some samples (e.g., nano-
cluster fi lms in this study) that are not very convenient to study 
under TEM may be examined in situ using HIM with a compa-
rable spatial resolution. 

 The other focus of this study is the in situ measurement 
of the electrical resistance of nanocluster fi lms irradiated 
with accelerator-generated MeV ions using van der Pauw 
method. [ 28 ]  This method is particularly effective for samples 

whose electrical resistance decreases with increasing dose. 
Measurements of such samples will not lead to a higher leak 
current through the substrate at a higher dose, which would 
otherwise have a larger experimental error. In contrast to a 
dramatic increase in the electrical resistivity of many metals 
and ceramics, including Al, Cu and Si upon irradiation due to 
defect accumulation, [ 29 ]  our preliminary tests showed a signifi -
cant decrease in the electrical resistance of a nanocluster fi lm 
after ion irradiation. This behavior makes the fi lms attractive 
as candidate sensing materials for irradiation study of electrical 
resistance.  

  2.     Results and Discussion 

  2.1.     Structural Evolution in Fe 3 O 4  Nanocluster Film 

 An in situ study of structural evolution in a magnetite Fe 3 O 4  
nanocluster fi lm on a surface-oxidized Si substrate at nominally 
RT has been performed under 25 keV He +  ion irradiation using 
HIM. According to the full-damage cascade simulation based 
on the Stopping and Range of Ions in Matter (SRIM) code, [ 30 ]  
where the threshold displacement energy for each of the sub-
lattices in Fe 3 O 4  is assumed to be 25 eV in this study, atomic 
displacement rate is estimated to be ∼0.26 displ./nm/ion at the 
surface and ∼0.64 displ./nm/ion at the damage peak that is 
located at the depth of ∼120 nm (assuming the theoretical spe-
cifi c gravity of 5.197 g/cm 3  and hereafter) (Figure S1). It should 
be noted that these assumptions are not accurate, which affect 
the absolute values of dose in displacements per atom (dpa) 
and the length (nm) in a linear scale, but do not have major 
impact on the data interpretation in this study. The sputtering 
rate under the irradiation conditions is predicted to be negli-
gible; the electronic and nuclear stopping powers at the surface 
correspond to 139 and 12 keV/µm, respectively. In this study, 
a local dose in displacements per atom (dpa) at the surface is 
estimated for HIM examination, and an average dose in dpa 
over the entire fi lm thickness for grazing-angle incidence x-ray 
diffraction (GIXRD) and electrical resistance measurement. In 
all events of this study, the fi lm thickness is much smaller than 
the ion projected range so that a great majority of ions pene-
trated the nanocluster fi lms. 

 Three HIM images of the surface nanostructures of the 
Fe 3 O 4  nanocluster fi lm are shown in  Figure    1   at ion fl uences of 
3.3 × 10 16 , 7.6 × 10 17  and 1.9 × 10 18  He + /cm 2 , corresponding to 
doses of 0.9, 20 and 51 dpa at the surface, respectively, with a 
dose rate of ∼8.5 × 10 −3  dpa/s. Apparently, with increasing dose, 
nanoclusters aggregate to form larger particles, resulting in for-
mation of a nanowire-like network accompanied by nano-pores. 
A movie (Movie S1) with 30 image frames has been made from 
the in situ HIM examination, which is available in the online 
supporting information. The movie clearly demonstrates nano-
structural evolution with increasing dose. Upon irradiation, the 
loosely interconnected nanoparticles tend to aggregate. With 
increasing dose, small particles are absorbed by larger ones, 
resulting in an overall increase in the particle size. Larger par-
ticles interconnect themselves and gradually form a nanowire-
like network with concurrent formation of nano-pores. Pre-
vious GIXRD for a 2 µm thick Fe 3 O 4  nanocluster fi lm irradiated 
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to a fl uence of 10 16  Si 2+ /cm 2 , or an average dose of ∼4 dpa in 
the fi lm, indicates [ 11 ]  a signifi cant increase in grain size. Grain 
growth takes place at the expense of the surrounding amor-
phous material through irradiation-induced epitaxy at the inter-
face and/or by coalescence of neighboring nano-grains. Each 
grain is a single-domain magnet; irradiation-assisted reorienta-
tion of their magnetic moments could provide at least part of 
the driving force for the coalescence to occur.  

 Irradiation with energetic ions provides three major stimuli 
to induce nanostructural changes: nuclear elastic collision-
induced atomic displacements, electronic energy deposition-
induced atomic excitation and ionization, and heat production-
induced thermal processes. Experiments were designed and 
performed to study the individual contributions of these three 
processes. While He +  irradiation was conducted at nominally 
RT, the temperature within the beam spot is expected to be 
higher than RT. The actual temperature within the beam spot 
depends on ion energy, fl ux, material thermal conductivity, etc. 
Accurate measurement of the temperature within the small 
beam spot (1 µm × 1 µm) was not possible in the HIM. Calcula-
tions [ 31 ]  also have formidable challenges because of the porous 
nature and structural evolution. Irradiation of a similar Fe 3 O 4  
nanocluster fi lm at nominally RT with 5.5 MeV Si 2+  ions at a 
fl ux of ∼10 12  Si 2+ /cm 2 /s indicated [ 11 ]  a temperature increase of 
less than 50 K near the large beam spot (12.5 mm × 12.5 mm) 
on the surface. To study thermal effects on the nanostruc-
tural evolution, the as-deposited Fe 3 O 4  nanocluster fi lm 
used in Figure  1  was cleaved to four smaller samples; two of 
them were annealed in fl owing Ar gas environments at 473 and 

773 K, respectively, for 10 hours each.  Figure    2   shows the surface 
nanostructures in different areas on the fi lm surface before and 
after the thermal annealing steps. The data in Figure  2  do not 
suggest a noticeable modifi cation in the nanostructure after the 
thermal treatments at temperatures up to 773 K.  

 In situ electron irradiation was also carried out for one of 
the as-cleaved samples using an SEM operating at a voltage of 
20 kV and a high electron beam current of 0.96 nA. At the elec-
tron energy of 20 keV, permanent atomic displacements cannot 
be produced in Fe 3 O 4  crystal due to the limited kinetic energy 
transferred from the electrons to target atoms (maximum of 
∼3 eV to  16 O and of ∼0.8 eV to  56 Fe) in the elastic collision pro-
cess, which is well below the threshold displacement energy 
(presumably on the order of tens of eV. [ 32 ]  The primary elec-
trons lose their energy in the material mainly through excita-
tion and ionization of the target atoms with multiple interac-
tions. As a result, secondary electrons, photons, and phonons 
are generated in the electron energy loss process. It should be 
noted that the electronic energy deposition can infl uence kinetic 
process by increasing the sample temperature and modifying 
energy barriers for diffusion.  Figure    3   shows three SEM micro-
graphs of the Fe 3 O 4  nanocluster fi lm used in Figure  1  before 
and after electron irradiation to 4.4 × 10 19 , 1.3 × 10 21  and 2.6 × 
10 21  e/cm 2  at nominally RT. Although the SEM images have a 
worse resolution and a weaker contrast compared to the HIM 
images, they provide clear evidence that the nanostructure at the 
surface of the nanocluster fi lm does not change noticeably up to 
2.6 × 10 21  e/cm 2 . This behavior is also clearly demonstrated in a 
movie (Movie S2) in the online supporting information.  
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 Figure 1.    Selected HIM (operating at 25 kV) snapshots of a nanocluster magnetite Fe 3 O 4  fi lm on a surface-oxidized Si substrate irradiated to various 
ion fl uences: (a) 3.3 × 10 16 , (b) 7.6 × 10 17  and (c) 1.9 × 10 18  He + /cm 2  at nominally RT. The images have the same scalar bar and show a signifi cant 
change in the nanostructure (same area).

 Figure 2.    HIM (operating at 25 kV) micrographs of the same nanocluster magnetite Fe 3 O 4  fi lm in Figure  1 : (a) as-deposited at nominally RT, 
(b) annealed at 473 K and (c) at 773 K for 10 hours each in fl owing Ar gas environments. The images have the same scalar bar and show a similar 
nanostructure (different areas).
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 The density of the electronic energy deposition ρ e  is the 
product of ion/electron fl uence  F  and electronic stopping 
power (d E /d x ) e :

   
F E xd /de e

ρ ( )= ×
 
 (1)

   

 Similarly, the rate of the electronic energy deposition γ e  is the 
product of ion/electron fl ux  f  and (d E /d x ) e :

    
f E xd /de e

γ ( )= ×
 
 (2)

   

 According to the National Institute of Standards and 
Technology (NIST) ESTAR database, [ 33 ]  the electronic stop-
ping powers of 20 keV electrons in Fe and O are 8.468 and 
11.38 MeV cm 2 /g, respectively. Based on Bragg’s rule, [ 34 ]  the 
electronic stopping power of the electrons in Fe 3 O 4  is estimated 
to be 10.13 MeV cm 2 /g. Similarly, using ASTAR database, [ 33 ]  
the electronic stopping power for 25 keV He +  ions in Fe 3 O 4  is 
412.8 MeV cm 2 /g. As a rough estimation, Equation  ( 1)   gives 
a density ratio [ρ e (e)/ρ e (He + )] of ∼30 based on 20 keV electron 
irradiation to 2.6 × 10 21  e/cm 2  and 25 keV He +  ion irradiation to 
1.9 × 10 18  He + /cm 2 . This indicates a signifi cantly higher energy 
density deposited by the electrons (Figure  3 c) than by the He +  
ions (Figure  1 c) at the surface. From Equation  ( 2)  , the rate ratio 
[γ e (e)/γ e (He + )] for the electron irradiation (0.96 nA over an area 
of 2.5 µm × 2.3 µm) and He +  ion irradiation (0.5 pA over 1 µm × 
1 µm) is ∼8, which suggests that the local temperature at the 
surface within the beam spot of the electrons in SEM should be 
higher than that of the He +  ions in HIM. In a sharp contrast to 
a signifi cant change in the nanostructure induced by He +  ions 
(Figure  1 c), electron irradiation does not suggest an observable 

change up to the highest fl uence of 2.6 × 10 21  e/cm 2  in spite 
of the considerably larger values of ρ e (e) and γ e (e) compared 
to ρ e (He + ) and γ e (He + ), respectively. The result from Figure  3  
indicates that the combined effects from the electronic energy 
deposition and the beam heating are not a major contributor to 
activate observable structural evolution in the Fe 3 O 4  nanocluster 
fi lm. 

 Because both thermal and electronic processes can hardly 
alter the structure of the Fe 3 O 4  nanocluster fi lm, nuclear elastic 
collision is concluded to be primarily responsible for the acti-
vation of the dramatic nanostructural evolution at high doses. 
It should be noted that despite their inactivity for observable 
structural change, both thermal and electronic processes can 
play a signifi cant role once the nanostructural evolution starts. 
They can also induce local atomic rearrangements and minor 
modifi cations in the nanostructure without nuclear collisions. 
The results from Figure  1  to  3  suggest that the structure of the 
nanocluster fi lms is likely to be susceptive to fast neutron irra-
diation, where the fi rst-order electronic process is absent, but 
both atomic displacements and heat production processes are 
active. Because of a much smaller energy transfer that hardly 
produces displaced atoms in the fi lms, activation of major 
nanostructural evolution by electrons or gamma-rays from 
nuclear decays is improbable.  

  2.2.     Nanostructural Evolution and Phase Transition in Fe-Fe 3 O 4  
Core-Shell Nanocluster Film 

  Figure    4   shows the surface structures of a Fe-Fe 3 O 4  core-
shell nanocluster fi lm on a surface-oxidized Si irradiated with 
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 Figure 3.    Selected SEM (operating at 20 kV) snapshots of the same nanocluster magnetite Fe 3 O 4  fi lm in Figure  1 , irradiated to various electron fl uences: 
(a) 4.4 × 10 19 , (b) 1.3 × 10 21  and (c) 2.6 × 10 21  e/cm 2  at nominally RT. The images have the same scalar bar and show a similar nanostructure (same area).

 Figure 4.    Selected HIM (operating at 30 kV) snapshots of a Fe-Fe 3 O 4  core-shell nanocluster fi lm on a surface-oxidized Si substrate irradiated to various 
ion fl uences: (a) 5.2 × 10 16 , (b) 1.1 × 10 18  and (c) 2.8 × 10 18  He + /cm 2  at nominally RT. The images have the same scalar bar and show a dramatic 
change in the nanostructure (same area).
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30 keV He +  ions to 5.2 × 10 16 , 1.1 × 10 18  and 2.8 × 10 18  He + /
cm 2  at nominally RT, corresponding to 1.2, 25 and 65 dpa at the 
surface, respectively. The nanoclusters have a Fe core of ∼8 nm 
in diameter and a Fe 3 O 4  shell of ∼2 nm in thickness. Typical 
TEM micrographs showing the nanoclusters, nanograins and 
core-shell structure are provided in the supporting information 
(Figure S2). As an approximation for the core-shell structure, 
magnetite Fe 3 O 4  was used for SRIM [ 30 ]  simulation. The results 
(Figure S1) indicate that the atomic displacement rate and elec-
tronic stopping power at the surface are 0.22 displ./nm/ion and 
155 keV/µm, respectively, which are comparable to those from 
25 keV He +  ion irradiation of Fe 3 O 4 . Similar to the structural 
evolution in the Fe 3 O 4  nanocluster fi lm shown in Figure  1 , 
loosely interconnected small particles in the Fe-Fe 3 O 4  core-shell 
nanocluster fi lm aggregate to form larger particles as dose 
increases, followed by formation of a nanowire-like network 
with nano-pores. A movie fi le (Movie S3) in the supporting 
information shows that with increasing dose, the nanostructure 
shrinks gradually till the dose reaches to 45 dpa at the surface 
(or an ion fl uence of 2 × 10 18  He + /cm 2 ), where the structure 
begins to expand in volume, including the agglomerated nano-
particle at the image center. The resulting surface morphology 
resembles that of a similar core-shell fi lm after irradiation with 
Si 2+  ions, where phase transition of the oxide shell was observed 
(see below). This volumetric expansion is not yet understood at 
this stage, but might be associated with helium accumulation, 
phase transition, defect-induced swelling, combination of those 
or other processes. Further studies are needed for clarifi cation.  

 To study possible changes in crystal phase and grain size, 
a 3.0 MV ion accelerator was used for a larger-area irradia-
tion that covers the entire surface area of a Fe-Fe 3 O 4  core-shell 
nanocluster fi lm [∼900 nm in thickness determined by Ruther-
ford backscattering spectrometry (RBS)]. The irradiation was 
performed with 5.5 MeV Si 2+  ions at nominally RT in the low 
vacuum range of 10 −7  Torr to a fl uence of 10 16  Si 2+ /cm 2 , cor-
responding to an average dose of ∼0.95 dpa in the fi lm thick-
ness.  Figure    5  a shows the GIXRD pattern for the fi lm before 
and after irradiation. The results from the whole-pattern fi tting 
indicate that prior to irradiation, the crystalline grains consisted 
of a Fe core of 8 nm in diameter with a shell Fe 3 O 4  of 2 nm in 
thickness on the average. After irradiation, the average size of 
the Fe core decreased slightly to 7 nm; the oxide shell trans-
formed from cubic magnetite Fe 3 O 4  to cubic wüstite FeO with 
the average shell thickness increased to 13 nm. The weight ratio 

of Fe in the fi lm decreased from 81% to 36%. The physical pro-
cesses involved in the structural evolution can be complex and 
are not clear at this time, but they might include creation of O 
interstitials in Fe 3 O 4  by ion irradiation, followed by O migra-
tion, oxidation of Fe atoms, and phase transition (probably due 
to oxygen vacancy accumulation) to cubic FeO in the shell under 
the irradiation conditions. Further irradiation-assisted epitaxial 
growth of FeO at the amorphous/crystalline interface cannot be 
ruled out. Obviously, cubic wüstite is the preferred phase over 
the cubic magnetite for the oxide shell on a Fe core under the 
irradiation conditions. This observation is consistent with the 
literature reports. Similar behavior of Fe valence reduction in 
the shell of a Fe-Fe 3 O 4  nanocluster fi lm was also observed after 
ion irradiation. [ 13 ]  A previous study [ 35 ]  has indicated that a large 
fraction of nanophase FeO can be grown on sapphire when the 
growth rate is high. Although wüstite is known as a high-pres-
sure phase, [ 36 ]  thin epitaxial FeO fi lms on Fe have been found to 
be stable even in vacuum at RT. [ 37 ]  The cross-sectional view of 
the fi lm nanostructures before and after Si 2+  ion irradiation is 
shown in Figure  5 b and  5 c, respectively. As a result of the irra-
diation, the highly porous fi lm becomes a columnar structure 
that is aligned with the irradiation direction (surface normal). 
Nano-cracks in the irradiated fi lm also appear, as shown in 
Figure  5 c, which could be attributed to accumulation and redis-
tribution of nano-pores that are formed during ion irradiation, 
similar to those observed in Figure  4 .  

  2.3.     Response of Fe-Fe 3 O 4  Nanocluster Film Resistance 
to Ion Irradiation 

 In situ electrical resistance measurements of Fe-Fe 3 O 4  core-shell 
nanocluster fi lms irradiated with 5.5 MeV Si 2+  and 2.0 MeV He +  
ions at nominally RT and 473 K have been performed based on 
van der Pauw four-probe method. [ 28 ]  The behavior of the resist-
ance changes from the reciprocal measurements along the 
horizontal and vertical directions has been found to be similar 
in this study and only vertical average resistance is shown and 
discussed in this report.  Figure    6   shows the average resistance 
of a 200 nm thick Fe-Fe 3 O 4  nanocluster fi lm at nominally RT as 
a function of Si 2+  ion fl uence (bottom axis) and average dose in 
the fi lm (top axis). The in situ result suggests that under the ion 
irradiation there is a super-exponential decay dependence of the 
electrical resistance on dose in the Fe-Fe 3 O 4  nanocluster fi lm. 
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 Figure 5.    (a) Background subtracted GIXRD patterns for a Fe-Fe 3 O 4  core-shell nanocluster fi lm on Si before and after 5.5 MeV Si +  ion irradiation to 
10 16  Si + /cm 2  (∼0.95 dpa in the fi lm and ∼0.53 dpa at the surface) at nominally RT. Also shown are the corresponding cross-sectional HIM images of 
the fi lm (b) before and (c) after the irradiation. The two images have the same scalar bar.
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The electrical resistance decreases from ∼2.3 kΩ for the as-
deposited fi lm to ∼290 Ω at a dose of ∼0.09 dpa. The resistance 
in the entire dose range is much smaller than that of the blank 
substrate (without fi lm), which has a value of ∼10 MΩ with a 
weak dependence on dose. Thus, the leak current through the 
substrate is negligible at all doses in the measurement. The 
resistance behavior shown in Figure  6  suggests that the nano-
cluster fi lm has potential as a sensing material for monitoring 
of nuclear radiation, including neutron fl ux as discussed above. 
The relative change in the electrical resistance with dose is 
associated with the fl ux. In the low-dose regime (<0.01 dpa), the 
material is extremely susceptible to nuclear radiation, providing 
potential for high-sensitivity detection. The resistance decreases 
more gradually in the higher-dose regime, allowing for a pos-
sible long-term use. It should be noted that there could be a sig-
nifi cant reduction in the electrical resistance by ion irradiation 
prior to a dramatic nanostructural change that occurs at higher 
doses (see below).  

 The surface morphologies of the in   situ sample used in 
Figure  6  before and after irradiation are shown in  Figure    7  . At 
the fi nal fl uence of ∼1.5 × 10 15  Si 2+ /cm 2  (or 
0.08 dpa at the surface), a dramatic change 
in the nanostructure (irradiated at nomi-
nally RT) is exhibited, featuring nanocluster 
aggregation and nano-pore formation. The 
overall nanostructure is similar to that of 
the agglomerated nanoparticle at the image 
center of Figure  4 c, resulted from He +  ion 
irradiation of a similar core-shell fi lm to 
65 dpa at the surface, about 800 times higher 
than the dose from the Si 2+  ion irradiation. 
The results suggest a very signifi cant effect 
of ion mass on the structural modifi cation 
of the nanocluster fi lms. Consistent with 
the data in Figure  5 , phase transition of the 

oxide shell from cubic magnetite Fe 3 O 4  to cubic wüstite FeO is 
evident, as shown in  Figure    8  , where micro-beam GIXRD was 
used to eliminate interfering diffraction peaks from the Cu/Ti 
electrodes and Ag paste on the in   situ sample. Data analysis 
from the whole-pattern fi tting reveals that the average grain 
size increases from 5.3 to 9.4 nm for the Fe core and from 
4.8 nm for the Fe 3 O 4  shell to 5.5 nm for FeO shell after the 
Si 2+  ion irradiation to 0.09 dpa. Except for the size variations 
that depend on the initial cluster states (e.g., size) and irradia-
tion conditions (e.g., dose), there is an overall agreement on the 
irradiation behavior of the core-shell fi lms shown in Figure  8  
and  5 .   

  Figure    9   shows the resistance data for a Fe-Fe 3 O 4  core-shell 
nanocluster fi lm irradiated with 5.5 MeV Si 2+  ions at a higher 
temperature of 473 K. Thermal annealing of the fi lm was con-
ducted in vacuum at the elevated temperature for an extended 
time prior to ion irradiation and in situ resistance measure-
ment. An initial rapid decrease followed by nearly invariance in 
resistance was observed during the thermal annealing process 
in the absence of ion irradiation. The in situ result shown in 
Figure  9  indicates that the resistance also has a super-exponen-
tial decay dependence on dose up to 0.21 dpa, similar to that 
from irradiation at nominally RT (Figure  6 ). However, irradia-
tion of the annealed sample leads to a relatively smaller slope 
in the low-dose regime. A reduction of resistance by 80% from 
the initial value requires a dose of ∼0.04 dpa at 473 K versus 
∼0.01 dpa at nominally RT. Again, the decrease in the electrical 
resistance of the nanocluster fi lm is due to the grain growth 

Adv. Funct. Mater. 2014, 24, 6210–6218

www.afm-journal.de
www.MaterialsViews.com

 Figure 7.    HIM micrographs of the same sample in Figure  6 : (a) before 
and (b) after 5.5 MeV Si 2+  ion irradiation to 1.5 × 10 15  Si 2+ /cm 2  (0.08 dpa 
at the surface) at nominally RT. The images have the same scalar bar and 
show a dramatic change in the nanostructure.

 Figure 8.    GIXRD patterns for the same sample in Figure  6 : (a) before and (b) after 5.5 MeV Si 2+  
ion irradiation to 1.5 × 10 15  Si 2+ /cm 2  (0.09 dpa in the fi lm) at nominally RT. A phase transition 
from cubic magnetite Fe 3 O 4  to cubic wüstite FeO is observed.

 Figure 6.    Electrical resistance of a Fe-Fe 3 O 4  core-shell nanocluster fi lm 
on surface-oxidized Si measured in situ using van der Pauw method as 
a function of ion fl uence during 5.5 MeV Si 2+  ion irradiation at nominally 
RT. A super exponential decay behavior of the resistance is observed.
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and a tighter connection between the agglomerated conducting 
particles, which leads to a larger effective cross-sectional area 
for more effi cient electron transport. The corresponding surface 
nanostructure and diffraction pattern for the irradiated sample 
are shown in  Figure    10  . Interestingly, even at a higher dose, 
the nanostructure of the irradiated fi lm at 473 K (Figure  10 a) 
appears to be changed less dramatically than that irradiated at 
nominally RT (Figure  7 b). There is also a noticeable difference 
in the shell, which does not undergo a phase transition to FeO 
at 473 K (Figure  10 b). Compared to RT, the elevated tempera-
ture leads to a higher rate for simultaneous recombination of 
Frankel pairs created during ion irradiation, which should be 
responsible in part for more irradiation resistance of the Fe 3 O 4  
shell to structural modifi cation and phase transition.   

 From Figure  6  and  9 , the resistance changes in the low-dose 
regime are very rapid. A smaller step of dose was also applied 

to study the behavior quantitatively based on 2 MeV He +  ion 
irradiation at a signifi cantly lower dose rate.  Figure    11   shows 
the data for an 800 nm thick Fe-Fe 3 O 4  nanocluster fi lm; this 
thickness is small compared to the ion projected range of ∼4 µm 
in the material under the irradiation conditions (Figure S1). At 
the highest applied ion fl uence of 8 × 10 15  He + /cm 2 , the cor-
responding dose in the fi lm is only ∼1.3 × 10 −3  dpa. Figure  11  
suggests that even at a dose as low as 10 −3  dpa for He +  ion irra-
diation at nominally RT, there is a considerable decrease in the 
resistance by ∼15% in the Fe-Fe 3 O 4  core-shell nanocluster fi lm. 
However, at the highest dose applied to the fi lm, a noticeable 
change in the surface nanostructure is not observed (Figure S3) 
and phase transition also does not occur (Figure S4). This is 
probably because the dose is still too low to produce any major 
visible effects on the nanostructure, yet quite signifi cant on the 
electrical resistance already.    

  2.4.     Future Studies 

 The nanocluster fi lms used in this study has 
an inhomogeneous and anisotropic nature; 
their behavior of electrical resistance is com-
plex under ion irradiation. Further studies 
are needed to better understand the basic 
mechanisms associated with the irradiation-
induced microstructure changes, to develop 
an accurate interpretation to the observed 
dose dependence of the electrical resistance, 
and to establish the relationship between the 
nanostructural evolution and the super-expo-
nential decay of the electrical resistance with 
dose. Meso-scale modeling will be performed 
and the results will be compared to the 
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 Figure 9.    Electrical resistance of a Fe-Fe 3 O 4  core-shell nanocluster fi lm 
on surface-oxidized Si measured in situ using van der Pauw method as 
a function of ion fl uence during 5.5 MeV Si 2+  ion irradiation at 473 K. A 
super exponential decay behavior of the resistance is observed.

 Figure 10.    (a) HIM micrograph and (b) GIXRD pattern for the same sample in Figure  9  after 
5.5 MeV Si 2+  ion irradiation to 3.4 × 10 15  Si 2+ /cm 2  (∼0.18 dpa at the surface and ∼0.21 dpa in 
the fi lm) at 473 K. Phase transition is not observed.

 Figure 11.    Electrical resistance of a Fe-Fe 3 O 4  core-shell nanocluster fi lm 
on surface-oxidized Si measured in situ using van der Pauw method as a 
function of ion fl uence during 2.0 MeV He +  ion irradiation at nominally 
RT. A signifi cant decrease of the resistance is observed within a narrow 
dose window in the low-dose regime.



FU
LL P

A
P
ER

6217wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

experimental data to identify the dominant mechanisms in the 
structural evolution and its impact on the electrical resistance. 
The improved understanding, along with the verifi cation of the 
material susceptibility to neutron irradiation, will help to lay a 
solid foundation for development of an advanced online, small 
neutron fl ux monitor based on nanocluster fi lms as sensing 
materials.   

  3.     Conclusions 

 It has been demonstrated that HIM provides a new capability 
for in   situ study of nanostructural evolution on the surface of 
bulk materials under He +  ion irradiation. Nanocluster fi lms 
of Fe 3 O 4  and Fe-Fe 3 O 4  core-shells are found to undergo a dra-
matic change in nanostructure under ion irradiation. As dose 
increases, crystalline grains grow and nanoclusters aggregate, 
leading to formation of nanowire-like network along with nano-
pores. Phase transition of the oxide shell is observed from 
cubic magnetite Fe 3 O 4  to cubic wüstite FeO. There are very 
signifi cant effects of ion mass and irradiation temperature on 
structural modifi cations. The observed major nanostructural 
evolution is activated by elastic nuclear collisions that produce 
atomic displacements. Both electronic and thermal processes 
can play a signifi cant role once the evolution is activated. In situ 
study of the nanocluster Fe-Fe 3 O 4  fi lms indicates that the elec-
trical resistance has a super-exponential decay dependence on 
ion fl uence or dose in dpa. The behavior has been attributed 
to the tighter interconnections between nanoparticles at higher 
doses, leading to an increase in the effective cross-sectional area 
for more effi cient electron transport. The in   situ results from 
this study provide physical insights into the processes involved 
in nanostructural evolution and changes in electrical resist-
ance. The data also suggest that the nanocluster core-shell fi lms 
may have great potential as candidate sensing materials for 
development of an advanced online neutron fl ux monitor with 
high detection sensitivity and long-term applicability at RT or 
elevated temperatures. These monitors would be of great value 
and importance in many nuclear operations to enhance safety, 
including those in existing and future nuclear power plants.  

  4.     Experimental Section 
  Van der Pauw Sample Preparation  (Figure S5): Si (100) substrates with 

an area of 10 mm × 10 mm and a SiO 2  surface layer of ∼300 nm in 
thickness were used for van der Pauw sample preparation. To enhance 
adhesion strength between SiO 2  on the Si surface and electrode Cu, 
a Ti buffer layer (3 mm × 3 mm in area and 100 nm in thickness) 
was deposited onto the substrate in each of the four corners using a 
magnetron sputtering deposition system. Titanium layer has been 
known to be a good adhesive layer, particularly at the interfaces with Si 
or SiO 2 . [ 38 ]  Four Cu electrodes of 3 mm × 3 mm in area and 1 µm in 
thickness were deposited on the top of the Ti layers. Highly porous fi lms 
of Fe 3 O 4  or Fe-Fe 3 O 4  core-shell nanoclusters with a dimension of about 
5 mm × 5 mm were deposited at the center of the substrate with the 
four corners touching the Cu electrodes. A third-generation cluster-beam 
deposition system [ 39 ]  was used for the nanocluster fi lm deposition, which 
consists mainly of three components: a cluster source, a mass-selection 
chamber and a deposition chamber. Iron atoms from an ultra-high purity 
iron target sputtered by a high-pressure magnetron-sputtering gun are 

decelerated through their collisions with Ar gas injected continuously 
into the cluster growth chamber cooled by chilled water. Iron clusters 
are generated by Fe atomic interaction and condensation. The formed 
Fe clusters are ejected from a small nozzle by differential pumping. 
When oxygen gas is introduced into the source chamber or deposition 
chamber during processing, fully oxidized Fe clusters or uniform oxide 
shells on the core Fe clusters are formed prior to their soft landing onto 
the substrate near RT. The cluster size can be controlled to a narrow 
size distribution (5%) using the mass selector. Measurement of the 
fi lm thickness was performed using in situ quartz crystal microbalance 
and ex situ 2.0 MeV He +  Rutherford backscattering spectrometry (RBS) 
(based on 5.197 g/cm 3 ). Conducting Cu wires (0.14 mm in diameter) 
were bonded to each of the four Cu/Ti electrodes using PELCO high-
performance silver paste (Product No. 16047). 

  In-Situ HIM Examination  (Figure S6): A helium ion microscope 
(Orion Plus, Carl Zeiss SMT, Peabody, MA) was employed to investigate 
nanostructural evolution during He +  ion irradiation. Irradiation of 25 or 
30 keV He +  ions was performed at nominally RT over a scanning area 
of 1 µm × 1 µm with 1024 × 1024 pixels at a dwelling time of 200 µs 
for each pixel. The beam current at the sample was reduced to typically 
0.5 pA, leading to an ion fl ux of 3.1 × 10 14  (He + /cm 2 )/s. The ion fl uence 
for each image is taken as the arithmetic average of the initial and 
fi nal fl uences. Scans were repeated in the same area for 30 times to 
obtain consecutive image frames. Movies showing the nanostructural 
evolution as a function of ion fl uence or dose in dpa at the surface 
were made from the image frames. The frames in the movie have been 
cropped in the same irradiated area to minimize sample drift effect 
for better visualization. Similar in situ study of the nanostructures was 
performed under 20 keV electron irradiation (at 0.96 nA over a scanning 
area of 2.5 µm × 2.3 µm) using a FIB/SEM system (FEI Quanta 3D 
FEG). 

  In Situ Resistance Measurement  (Figure S7): Ion irradiation was 
performed using a 3.0 MV electrostatic tandem ion accelerator (NEC 
9SDH-2 pelletron, Middleton, WI). Cluster fi lms were irradiated at 
normal incidence with 5.5 MeV Si 2+  ions to a fl uence up to 10 16  Si 2+ /cm 2  
or 2.0 MeV He +  ions up to 8 × 10 15  He + /cm 2  at nominally RT or 473 K. A 
beam rastering system was used to ensure uniform irradiation covering 
the entire fi lm area of 5 mm × 5 mm. Typical ion fl ux was on the 
order of 0.01 (Si 2+ /nm 2 )/s and 0.01 (He + /nm 2 )/s. The increase of the 
sample temperature was less than 50 K during the ion irradiation. In 
situ electrical resistance measurement of the nanocluster fi lms was 
conducted based on reciprocal van der Pauw four-probe method, where 
arithmetic average of the resistance was obtained from two reversed 
polarity measurements. After each irradiation dose, a measurement 
was followed with beam off. The irradiation and measurement were 
conducted intermittently. In all events, ion energy was selected to be 
high enough to penetrate the fi lms, leaving negligible amounts of 
implanted ions in the fi lms. 

  XRD Analysis : The crystal structures of nanocluster fi lms without 
electrodes before and after ion irradiation were analyzed using the 
Philips X’pert Multi-Purpose Diffractometer (MPD, PANalytical, Almelo, 
The Netherlands) based on fi xed Cu K α  radiation ( λ  = 0.154187 nm). 
GIXRD was employed to study the crystallographic phase and average 
size of the crystalline grains at RT. This technique eliminates the strong 
diffraction peaks from the single-crystal substrate. In addition, to 
eliminate interfering diffraction peaks from the Cu/Ti electrodes and Ag 
paste, in   situ samples were analyzed with micro-beam GIXRD on the 
nanocluster fi lm. The data were collected using a Rigaku D/Max Rapid 
II instrument with a 2D image plate detector. X-rays were generated 
with a MicroMax 007HF generator fi tted with a rotating Cr anode 
(λ = 0.22897 nm), focused on the specimen through a 300 mm 
diameter collimator. The samples were secured onto a fl at refl ection 
sample holder and fi tted onto the sample stage. 2DP, Rigaku 2D Data 
Processing Software (version 1.0, Rigaku, 2007) was used to integrate 
the diffraction rings captured by the 2D image plate detector. The 
analysis of diffraction data was carried out using JADE 9.5.1 (Materials 
Data Inc.), TOPAS 4.2 (Bruker AXS GmbH, Karlsruhe, Germany), and 
PDF4+ 2012 database (ICSD).  
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