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Physical and chemical phenomena of low-energy ion irradiation on solid surfaces have been studied systematically

for many years, due to the wide applications in surface modification, ion implantation and thin-film growth. Recently

the bombardment of nano-scale materials with low-energy ions gained much attention. Comared to bulk materials,

nano-scale materials show different physical and chemical properties. In this article, we employed molecular dynamics

simulations to study the damage caused by low-energy ion irradiation on copper nanowires. By simulating the ion

bombardment of 5 different incident energies, namely, 1 keV, 2 keV, 3 keV, 4 keV and 5 keV, we found that the

sputtering yield of the incident ion is linearly proportional to the energies of incident ions. Low-energy impacts mainly

induce surface damage to the nanowires, and only a few bulk defects were observed. Surface vacancies and adatoms

accumulated to form defect clusters on the surface, and their distribution are related to the type of crystal plane, e.g.

surface vacancies prefer to stay on (100) plane, while adatoms prefer (110) plane. These results reveal that the size

effect will influence the interaction between low-energy ion and nanowire.
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1. Introduction

Nanowires are widely used as blocks for nan-

odevices, ranging from chemical and biological sen-

sors to logic circuits.[1,2] Due to the size effect, the

structural properties of nanowires including atomic

arrangement, morphology and defects distribution of

the system play fundamental roles in determining the

physical attributes (optical, mechanical and electrical)

of nanowires.[3−6]

Low-energy ion irradiation has modification ef-

fects on the surface or near surface of the solid, so

it is ubiquitously employed in the modification of sur-

face structure, thin-film growth, and various types of

surface analysis techniques.[7−9] The bulk and surface

damages induced by the dissipation of the incident

ion’s energy involve metastable phases and isolated de-

fects formation.[10] As for the nanowire, these damages

caused by ion bombardment are comparable to the

size of the nanowire itself, which can greatly change

its structural properties.[11] Though the ion irradia-

tion on metallic and semiconductor bulk material has

been widely studied,[12−15] ion irradiation on metal

nanowires is seldom researched. Some papers stud-

ied the effect of existed defects on physical properties

of nanowires,[3] but researches on the formation and

movement of defects induced by irradiation are lack.

Due to the size effect, the interaction of energetic ions

with nanowires gives rise to different physical phe-

nomena from the traditional theories, i.e. the increase

of sputtering yield. Moreover, the surface relaxation

which is surface-orientation dependent[16] may induce

some different phenomena on nanowire.

In the present work, we conducted molecular dy-

namics simulation to study the physical phenomenon

of low-energy ion bombardment with 3 nm-diametre

copper nanowires. In nanowire system, the sputtering

yield increases linearly with the rise of energy of inci-

dent ion, which is unlike the bulk system (sputtering

yield slows down after a threshold energy value). With

the increase of energy of incident ion, the defects dis-

tributed all around the nanowire, not only the incident

side. Computational simulation also elucidated the

process of accumulation of surface vacancies adatoms,

and recombination of defect. Furthermore, the distri-

bution of defects showed that surface vacancies favour

(100) plane, while adatoms favour (110) plane.
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2. Simulation methods

2.1. System setup and molecular dynam-

ics

Copper nanowire used in simulation was a 30 Å-

diametre (1 Å=0.1 nm) octahedron built from a block

of fcc single crystal using cutoff diametre (30 Å) for

the simulation. The eight sides of nanowire involves

four (100) crystal plane and four (110) crystal planes,

see Fig. 1. The axial of nanowires is along ⟨001⟩ crys-
talline direction. Incident copper ion was placed 20 Å

away from nanowire. Incident copper ion with kinetic

energies E varied between 1 and 5 keV at 1 keV in-

tervals impacts on the (100) crystal plane of nanowire

from ⟨135⟩ crystal direction. The nanowire contains

5400 atoms in total.

Fig. 1. Atomic view of nanowire.

The simulations were conducted by MD pro-

gram developed by our lab with the Ziegler–Biersack–

Littmark (ZBL) universal repulsive potential[17] and

embedded atom method (EAM) potential of Mishin

et al.[18,19] ZBL potential was used to describe the

interaction between recoil atom and its neighbours,

and the other atoms used EAM potential. Periodic

boundary condition was used along the axial direc-

tion. The sides of the nanowire represented a free sur-

face towards vacuum, and was allowed to relax freely.

In our simulation, we did not apply electron–phonon

coupling, since the ion energies were very low and the

electronic energy loss could be negligible to the low

incident energy (≤ 5 keV). The cutoff of EAM po-

tential used in simulation is 6.5 Å, and cutoff of ZBL

potential is 10.5 Å.

For each simulation, we minimized the system for

1 ps to obtain the optimized geometry of nanowires,

and then heat the sample to 100K in 1 ps. The system

was equilibrated at 100 K for 30 ps by using Nose–

Hoover thermostat method before irradiation. Five

energies of incident ions were simulated: 1 keV, 2 keV,

3 keV, 4 keV and 5 keV. During cascade evolution,

atoms involved in cascade collision were not applied

thermostat coupling to avoid disturbing the irradia-

tion process.[20] The timestep for integration of equa-

tions of motion during collision stage is 0.01 fs. In each

run, incident ion impinged with random coordinates.

The total simulation time varies for each incident en-

ergy. For 1 keV and 2 keV impacts, simulations last

6 ps. For 3 keV, 4 keV and 5 keV impacts, simulations

last 10 ps, 12 ps and 16 ps respectively.

2.2.Analysis methods

We collected the number of sputtered atoms, va-

cancy, interstitials and adatoms to analysis the irra-

diation damage on nanowire. The sputtered atoms

are those which ran 2 nm away from the surface of

nanowires. Due to the small size of nanowire, all

atoms of nanowire are close to the surface, it is diffi-

cult to distinguish exactly surface vacancy from bulk

vacancy, and adatom from interstitial during irradia-

tion process. In our simulations, we consider surface

vacancy as part of vacancy. By comparing the irradi-

ated nanowire with the original fcc crystal structure,

the vacancy is defined as an atomic site where there

is no atom within the distance of 1 Å.[21] An intersti-

tial is defined as an extra atom located 1 Å away to

the nearest atomic site.[21] An adatom is an especial

interstitial on the surface of crystallite.

3. Results

3.1. Energy dependent structural dam-

age of nanowire

Bombardment of energetic ion induces displace-

ment of atoms in nanowires. Sputtered atoms, bulk

vacancies, interstitials, surface vacancies and adatoms

were observed during the irradiation process. The

morphology of nanowire surface was greatly modi-

fied by the formation of defects. Figure 2 illustrates

the final damage states of nanowire surface caused

by incident ion with 5 different energies. Under

1 keV incident energy, a few of surface vacancies and

adatoms formed on the surface. A small and shallow

nanogroove formed by a cluster of surface vacancies

was observed. This surface vacancies only involved on

the first layer. Under 1 keV-bombardment, all surface

defects were only found on the incident face of ener-

getic ion. With the increase of incident ion’s energy,

three distinguish features were observed on damaged
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nanowire: (i) nanogrooves become deeper. Surface

vacancies are not only observed on the first layer, but

also on the second or even on the third layer. Figure

3(b) demonstrates that under 2 keV, the surface va-

cancy cluster involves 3 atomic layers. (ii) the defects

including surface vacancies and adatoms spread from

the incident side to all sides around the nanowire, see

Fig. 3. Under 1 keV, the defects only located around

the incident point of ion. With the increase of ion

energy, the damage involves larger surface areas of

nanowire. Under 5 keV bombardment, defects dis-

tribute all over the cylindrical surface of nanowire.

(iii) under higher-energy impact, bulk defects (va-

cancy and interstitial) were observed in the nanowire.

A single vacancy was formed inside of nanowire, under

3 keV and 4 keV-bombarments (as shown in Fig. 3(c)

and Fig. 3(d)). Although in our limited simulations,

the probability of bulk defects occuring is low, this

trend indicates that higher incident energy can extend

the surface damage to the inside bulk damage.

Fig. 2. Atomic views of nanowire surface morphologies resulting after Cu ion bombardment. (a) 1 keV, (b)

2 keV, (c) 3 keV, (d) 4 keV, (e) 5 keV. 1 keV bombardment resulted in a few damage on the incident surface.

More surface defects were induced by increasing incident energy, and surface defects diffused from the incident

surface to the surfaces all around nanowire. Furthermore, the distribution of surface defects is crystalline surface

dependent, namely, vacancies accumulated on ⟨100⟩ plane, while adatoms accumulated on ⟨110⟩ plane.

Fig. 3. Top view of defects distribution in nanowire. (a) 1 keV, (b) 2 keV, (c) 3 keV, (d) 4 keV, (e) 5 keV.

Vacancy (grey) sites and adatom (black) sites are explicitly shown. Under 1 keV, the defects only located around

the incident point of ion on the surface. With the increase of incident energy, the damage involves more and

more surface areas of nanowire around. The defects induced by ion bombardment eventually diffused to the

surface of nanowire, few defects were found inside the nanowire. Under 3 keV and 4 keV ion bombardment,

only one vacancy were observed inside the nanowire, which indicates that increasing incident energy may cause

damage inside the nanowire.

3.2. Sputtering from copper nanowire

In all simulations, a plenty of sputtered atoms were generated during ion bombardment. Figure 4 presents

the sputtering yield of Cu ion impacting copper nanowire in ⟨135⟩ direction, together with the mean value and
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standard error bars for each incident energy at 100 K. The sputtering yield increases almost linearly with the

rise of incident ion’s energy.

Fig. 4. Yield of sputtered atoms (square), vacancies (cir-

cle), interstitials (triangle) and the sputtering yield of trim

calculation (cross). The first three yields show linear pro-

portional relationship with incident energy. The trim cal-

culations shows that the sputtering yield of bulk materials

is much lower than that of nano-scale materials.

Fig. 5. The sputtering yield of 30 Å diametre (square)

nanowire and 50 Å diametre nanowire (circle) under 1 keV,

2 keV and 4 keV ion bombardments. The sputtering yield

of 30 nm nanowire is higher than the sputtering yield of

50 nm nanowire.

We used trim program to calculate the sputtering

yield of flat copper surface impacted by copper ion

with energy from 1 keV to 5 keV. The results are also

presented in Fig. 4. The trim calculation shows that

the increase of sputtering yield of flat copper surface

becomes slow with the increase of incident energy, and

is much lower than the sputtering yield of nanowire

with the same energy bomdardment. This comparison

indicates that the sputtering yield of nano-scale mate-

rial is higher than that of bulk materials. To verify the

impact of nanowire size on sputtering yield, We simu-

lated the sputtering process of 50 Å diametre nanowire

under 1 keV, 2 keV, 4 keV ion bombardments. Figure

5 comparing the sputtering yield of 30 Å nanowire and

50 Å nanowire, shows that 30 Å nanowire has higher

sputtering yield than 50 Å nanowire.

Fig. 6. Comparison of the initial position of sputtered

atoms (a) and the final position of surface vacancies (b)

under 5 keV-bombardment. 5 keV-bombardment sput-

tered atoms out of surface all around nanowire, not only

on the incident surface. After equilibration, surface va-

cancies left by sputtered atoms and relocated adatoms ac-

cumulated together to form big void cluster on surface of

nanowire.

Figure 6(a) shows the initial position of sputtered

atoms on nanowire in a 5 keV-bomdardment simula-

tion. We observed three features of the sputtering: (i)

sputtered atoms spread around the nanowires. Under

1 keV-bomdardment, the sputtered atoms all came

from the side where ion impacted, but under 5 keV-

bomdardment, sputtered atoms distributed around

the surface of nanowire. Under lower-energetic im-

pact, only atoms on the incident face of ion were sput-

tered out of the surface, while under higher-energy, the

bombardment induced collision cascades can sputter

atoms out all around the surface, even the opposite

side of incident face. (ii) with the increase of incident
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energy, ion can sputter the atoms not only from the

first layer, but also the second even the third layer.

(iii) with the increase of incident energy, clusters of

atoms can be sputtered. We observed that under

1 keV, only single atom was sputtered, while under

3 keV, we observed 2 atoms were sputtered together,

and under 5 keV, sputtered cluster composed of 3

atoms were observed. Figure 6(b) presents the distri-

bution of surface vacancy left by sputtered atoms and

adatoms. Although the sputtered atoms distribute

dispersedly on nanowire, the final surface vacancies

were mainly included in four vacancy clusters. The

detailed evolution process of vacancy diffusion will be

presented later in next part.

3.3. Formation of defects

Energetic ion not only sputteres atoms out of

the surface, but also induces displacement cascades,

which created plenty of defects including bulk vacan-

cies, interstitials, surface vacancies and adatoms in

nanowires. In our simulations, few of 4 keV and 5 keV

simulations got bulk defect (vacancy and interstitial),

which are less than 2% of all defects. Figure 4 shows

the production of defects. Similar to sputtering yield,

the adatom and surface vacancy yields are also linear

proportional to the incident energies.

Figure 7 demonstrates the evolution of vacancies

(bulk vacancies and surface vacancies). Around 0.5 ps,

the vacancy yield achieved the maximum value in all

simulations. At this moment the lattice of irradia-

tion area is maximumly disordered. Under 1 keV ion

bombardment, only a fraction part of area near the

incident point was damaged. With the increase of in-

cident energy the depth of lattice damage extended,

e.g., under 5 keV ion impact, half part of the nanowire

became disordered. 450 vacancies were generated dur-

ing the process, and most of them are vacancies in

bulk. Then the recombination of vacancies and inter-

stitials enhanced by local heat decreased the number

of defects. The number of vacanies became constant

after 6 ps equilibration. Figure 8 illustrates the re-

combination processes of vacancies, interstitials and

adatoms after 5 keV-bombardment.

Fig. 7. Evolution of vacancy after ion bombardment.

The yield of vacancy achieves the maximum value around

0.5 ps. After 6 ps, the number of vacancies becomes con-

stant. 5 keV ion bombardment caused most vacancies

number during irradiation.

Fig. 8. Recombination process of surface vacancies and adatoms. A large number of surface vacanies and

adatoms were created by ion bombardment at the beginning, but most of vacancies and adatoms disapeared

due to surface diffusion enhanced by local thermal effect. (a) 0.5 ps, (b) 1 ps, (c) 1.5 ps, (d) 2 ps, (e) 3 ps,

(f) 4 ps, (g) 5 ps. The diffusion of defects gradually shows a crystalline surface dependent distribution during

recombination process. Vacancies accumulated on ⟨100⟩ plane, while adatoms accumulated on ⟨110⟩ plane.
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When number of defects achieved to a constant

value at the end of simulation, we found three interest-

ing phenomena of vacancy distribution on nanowire:

(i) most of vacancies were observed on the surface

of nanowire. With lower-energies impact (1 keV,

2 keV), there were only surface vacancies, and no

bulk vacancy was observed. With higher-energy im-

pact, 90% vacancies diffused to the surface. (ii) sur-

face vacancies agglomerated together to form vacancy

clusters. Figure 9 shows that higher incident energy

not only induced bigger vacancy cluster, but also in-

creased the quantity of vacancy clusters, e.g. a 5 keV-

bombardment induced 3 surface vacancy clusters on

nanowire. fc = Nc/NF presents the fraction of clus-

tered defects, where Nc is the number of defects in

clusters of size 2 or more. fc of vacancy varies from

80% to 95%, while fc of adatom varies from 60% to

80%. (iii) Most of surface vacancies clusters located

on (100) crystal plane, or the cross-section of (100)

plane and (110) plane, see Fig. 2. Similar to the

distribution of vacancies, most of interstitial defects

inside nanowire disappeared after equilibration, and

only adatoms on the outermost surface layer were ob-

served in final state of defects. Increase of incident

energy induced formation of large adatoms clusters as

well as the increase of adatom clusters quantity. Dif-

ferent from surface vacancy, adatom favour the (110)

plane more than (100) plane, see Fig. 2.

Fig. 9. The fraction of clustered defects. Most vacancies

and interstitials caused by irradiation formed defect clus-

ters after equilibration. Fraction of clustered interstitials

deviates significantly from the mean.

The clustering of point surface defects on

nanowire observed in all simulations shows great de-

pendence on the incident energy and crystal face. As

described above, both the size and quantity of surface

vacancy clusters and adatom clusters increased with

the rise of incident energy. The difference between

these two defects clusters is that surface vacancy clus-

ters were observed mostly on (100) plane, while most

of adatom clusters were observed on (110) plane. Fur-

thermore, the conformation adopted by adatom clus-

ter is different from the conformation of vacancy clus-

ter, because they formed on difference crystal face. To

further understand the mechanism of defects cluster-

ing on nanowire caused by irradiation, we look more

closely into the details of formation of two defects clus-

ters.

3.3.1. Formation of surface vacancy cluster

Surface vacancies cluster formation involves two

steps: (i) single vacancy was created by sputtering

atoms out of its lattice or by rolocating atoms onto

the outermost surface layer (adatoms). (ii) Vacancy

agglomeration. Under 1 keV bombardment, a small

2D surface vacancy cluster including 6 defects was ob-

served on (100) plane. 3D surface vacancy clusters

involving 3 atomic layers were induced by high energy

bombardment (≥ 2 keV). These surface vacancy clus-

ters always involve both (100) plane and (110) plane,

but most part of vacancy clusters are on (100) plane.

Figure 10(a) illustrates that vacancy defects formed

on (100) plane are always more than those on (110)

plane. With the increase of ion energy, the number of

surface vacancies on (110) plane decreases, although

the total number of surface vacancies increase. High

incident energy also induced complicated conforma-

tion of clusters, e.g., a stacking fault tetrahedra (SFT)

was found under 5 keV bombardment. This SFT in-

volves 15 vacancies and 9 interstitials.

3.3.2. Formation of adatom cluster

Adatom clustering is also determined by two

steps: (i) single adatom created by ion impact. (ii)

Adatom agglomeration. A large number of adatoms

are created on the surface during ion sputtering. Af-

ter equilibration, these randomly distributed adatoms

formed several adatom clusters. Figure 2 demon-

strates the conformation of adatom clusters under

different energy impacts. Under 1 keV bombard-

ment, clusters including 2 adatoms were observed on

(110) plane along ⟨110⟩ direction. Under 2 keV bom-

bardement, 4 adatoms clustered were observed on

(110) plane along ⟨110⟩ direction. Small clusters of

2 adatoms on (100) plane were also observed. 5 keV

bombardment induced 3D stacking adatom cluster
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on (110) plane. Figure 10(b) presents that contrary

to surface vacancy, adatoms agglomerated on (110)

plane more than on (100) plane under energetic im-

pact. With the rise of incident energy, the number

of adatoms on the (110) plane slows down, while on

(100) plane the number of adatoms grows up rapidly.

Fig. 10. Distribution of surface vacancies (a) and adatom (b) on two crystalline face. (a) More surface vacances

were observed on (100) plane (line) than on (110) plane (dash-line). (b) Contrary to surface vacancies, more

adatoms were observed on (110) plane (dash-line) than on (100) plane (line).

4. Discussion

4.1.Big surface-volume ratio of nano-

wire induces increase of sputtering

yield

Our results showed that the sputtering yield of

nanowire increases due to its big surface-volume ra-

tio. We found the recoil atoms created in the collision

cascade can be sputtered when they move towards the

surface with sufficient energy to overcome the surface

binding potential barrier. The average value of sput-

tering yield is dependent on the energy deposition of

incident ion and surface curvature. For a flat sur-

face, experiments show that sputtering yield increase

slows down with the rise of incident energy.[22] In our

simulation, the sputtering yield of ion keeps linearly

proportional to the incident energy in range of 1 keV

to 5 keV, and its magnitude is much higher than that

of bulk materials. The big surface–volume ratio of

nanowire results in this increase of sputtering yield ef-

ficiency. The influence of increased sputtering yield

of nano-scale materials should be taken into concern

when we study the irradiation on nano-scale materials.

The physical property change by big surface-

volume ratio induced was widely observed in nano-

scale materials. For example, with the de-

crease of nanowire’s cross-section, its yield stress is

increased.[23] Increase of sputtering yield was also ob-

served in irradiation process of nano-scale materials,

but different size and structure result in different sput-

tering yield.[24] Sputtering modifies the surface mor-

phology by transferring mass out of the target. The

irradiation-induced damage of nanomaterials is en-

hanced by increase of sputtering yield, and differ from

one nanostructure to another nanostructure. In other

words, the sputtering yield of nanostructure is more

sensitive to the specific incident surface and the shape

of the target. To determine the ion bombardment

effect on specific nanostructure, like nanowire, it is

necessary to investigate the size and shape dependent

sputtering yield and atomic detailed sputtering pro-

cess.

4.2.Anisotropic surface diffusion of

nanowire

In our simulations, we observed that surface va-

cancies favour the (100) plane, while adatoms favour

the (110) plane. This crystalline surface dependent de-

fects distribution can be understood by the activation

energy needed for defects diffusion. The activation
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energy for adatom jumping on Cu(100) is 0.425 eV,

on Cu(110) and along ⟨110⟩ direction it is 0.292 eV,

and on Cu(110) along ⟨001⟩ it is 0.826 eV.[25] The

activation energy for the adatom jumping increases

through the sequence (110) long bridge, (100), and

(110) short bridge. Thus, adatoms have lower energy

barrier for jumping on (110) plane along ⟨110⟩ direc-
tion than jumping on (100) plane. In that case, more

adatoms gather on (110) plane, and recombine with

vacancies, or form adatom cluster. Because the energy

barrier for adatom jump along ⟨001⟩ direction is very

high, we only observed adatom cluster on (100) plane

along ⟨110⟩ direction. The activeation energy for va-

cancy diffusion on Cu(100) is 0.437 eV, on Cu(110)

along ⟨110⟩ direction is 0.506 eV, and on Cu(110)

along ⟨001⟩ is 0.921 eV respectively.[25] Contrary to

adatom, The activation energy for vacancy diffusion

on (100) plane is lower than it on (110) plane, so

it is easier for vacancies agglomerate on (100) plane

than on (110) plane. Also since the activation energy

for vacancy diffusion is higher than that for adatom

on all crystalline surface, the vacancies are relatively

more stable than adatoms so that adatoms diffusion

dominates the recombination of defects. The crys-

talline surface dependent defects distribution results

in a crystalline surface dependent surface pattern of

nanowire after being irradiated by energetic ion.

5. Conclusions

We preliminarily studied the irradiation damage

on copper nanowires by investigating three specific as-

pects: (i) the relationships between sputtering atoms

production and energy of the incident ion , (ii) the

atomic details of defect distribution on nanowire, and

(iii) the mechanism of defects diffusion on nanowires.

Results showed that due to the large surface/volume

ratio, the sputtering yield of nanowires is larger than

that of bulk materials. The sputtering yield of

nanowires is linear proportional to the energy of in-

cident ion in the range of 1 keV to 5 keV. The va-

cancy defects on the surface gather together to form

void cluster mainly on (100) plane, while adatoms

mainly aggregate on (110) plane along ⟨110⟩ direc-

tion forming adatom clusters. Further researches are

needed to study the influence of incident angle and

size of nanowire on irradiation damage of nanowire,

and the effects of defects on the physical properties

of nanowires, like mechanical properties and thermal

properties.
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