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We have studied defect production during single atomic and molecular ion irradiation having an

energy of 50 eV/amu in GaN by molecular dynamics simulations. Enhanced defect

recombination is found in GaN, in accordance with experimental data. Instantaneous damage

shows non-linearity with different molecular projectile and increasing molecular mass. Number

of instantaneous defects produced by the PF4 molecule close to target surface is four times higher

than that for PF2 molecule and three times higher than that calculated as a sum of the damage

produced by one P and four F ion irradiation (Pþ 4� F). We explain this non-linearity by

energy spike due to molecular effects. On the contrary, final damage created by PF4 and PF2

shows a linear pattern when the sample cools down. Total numbers of defects produced by Ag

and PF4 having similar atomic masses are comparable. However, defect-depth distributions

produced by these species are quite different, also indicating molecular effect. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4747917]

I. INTRODUCTION

The past decade has seen dramatic advances in the de-

velopment of wide band gap semiconductors, such as GaN in

devices ranging from blue lasers to solar cells.1,2 Apart from

the light emitting devices which typically require long carrier

lifetimes, another class of components based on short life-

times is being developed. Nowadays, terahertz technology

has many promising applications in medical, biological and

industrial imaging, safety communication, space science,

etc. GaN, a wide band gap semiconductor with inherently

high breakdown field (3:5� 106 V=m), high electron satura-

tion velocity (2 MV/cm), and high thermal conductivity

(1.3 W/cm K), possesses large potential to reach high power

of terahertz radiation.3

Ion implantation is a central part of modern semiconduc-

tor processing, as it is used to introduce electrically and opti-

cally active dopants into materials. In particular, ion

implantation can be used for electrical compensation and

tuning of carrier lifetime. It offers wide possibilities of defect

engineering through the choice of implantation species,

dose, and energy. Compensation is achieved by introducing

damage-related deep levels that capture free carriers. More-

over, it has recently become clear that ion irradiation can

also be used to speed up the operation of semiconductor

lasers by up to 2 orders of magnitude.4,5 A result of particu-

lar interest obtained from studies of this effect was that

heavy ion irradiation is more efficient at producing this effect

than light ions.6 The choice of ions depends on thickness of

the semiconductor layer and on desired kind of defects. For

example, implantation of low mass ions, such as protons,

produces only point defects through the traversed layer; only

at the depth of the stopping range, extended defects may

occur. On the other hand, high mass ions, such as Ga or Xe,

produce damage in clusters and can thus affect the optical

properties in a very different manner. As a further extension

of this idea, molecular and nanocluster ions can produce

even larger defect clusters. Thus, ion and cluster ion implan-

tation can produce a wide variety of different kinds of mate-

rial modification. While the effects of single ion irradiation

on optical properties of materials have been explored widely,

cluster ion irradiation has barely been studied.

Our previous experiments have, however, shown that at

1.3 keV/amu energy, the damage production itself in GaN is

non-linear with molecule size.7–10 This gives a strong moti-

vation for theoretical studies of the molecular effects.

In this work, we focus on the details of molecular irradi-

ation process in order to gain a clear understanding of the in-

herent differences of single atomic ion and molecular ion

irradiation, also compare irradiation effects in GaN by mo-

lecular dynamics (MD) simulations. Of particular interest is,

whether the damage increases non-linearly with the number

of atoms in a molecule, as previously reported for some

cases of cluster ion irradiation of metals.11,12 Several projec-

tiles, such as F, P, Ar, Ag, PF2, and PF4, have been used for

irradiation.

II. METHOD

The interaction between atoms in GaN was described

using a Tersoff-like many body interatomic potential previ-

ously developed in our group.13 The cohesion of PF2 and

PF4 molecules was modeled using the Lennard-Jones poten-

tial (VðrÞ ¼ 4�½ðr=rÞ12 � ðr=rÞ6�) in such a way that it

describes correctly bond lengths, bond energies, and bond

angles of the molecules (see Table I, Figure 1). Dissociation

energies (�) were chosen as 4.6 and 1.6585 eV (Refs. 14–16)a)Electronic mail: mohammad.ullah@helsinki.fi.
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and the bond length parameters (r) were determined as

1.408 and 2.131 Å for the P–F and F–F bonds, respectively.

The Ziegler-Biersack-Littmark (ZBL) universal repulsive

potential17 was smoothly joined to all these potentials to

describe the interaction at high energies. The electronic stop-

ping was applied as a friction force for atoms with kinetic

energies higher than 1 eV and calculated using the SRIM ver-

sion 2008.04 (Ref. 18).

An adaptive time step MD code PARCAS
19 was used for

the simulations. The GaN simulation cells were created using

the wurtzite (WZ) crystal structure with an orthogonal unit

cell corresponding to two conventional hexagonal unit cells.

The simulation cell contained 120 000 atoms and had the

size of 111� 110� 109 Å
3
. The simulation cell was

relaxed at 300 K before irradiation. Irradiations were per-

formed on the (0001) surface of the WZ structure, where the

boundary condition was open. Periodic boundary conditions

were applied in the lateral directions. The bottom of the sim-

ulation cell was fixed to avoid drifting. Twenty irradiations

were done by each type of projectile on a pristine sample to

collect statistics. Energies for F, P, Ar, Ag, PF2, and PF4 pro-

jectiles were 0.95, 1.55, 2, 5.35, 3.45, and 5.35 keV, respec-

tively. The energies were chosen in such a way that energy/

atomic-mass was the same (0.05 keV/amu) for all atoms and

molecules. The atomic ion and molecular ion projectiles

were placed above the simulation cell surface and to avoid

channelling, the bombardments were done with 7� angle off

the c-axis. Impact points were chosen randomly, i.e., for

each impact, a virgin sample was taken and the atoms in the

simulation cell were shifted by a random distance in the x
and y directions, then a new irradiation was performed.

Berendsen temperature control20 was used on the peri-

odic boundaries of the simulation cell to remove excess heat

produced by the cascades. No pressure control was used as

there was a free surface in the system.

Defect analysis was done by Voronoi-polyhedron

approach by comparing irradiated and pristine lattices. Poly-

hedra with no atoms were labeled vacancies, polyhedra with

two or more atoms interstitials, and polyhedra with one atom

of the opposite type to the initial one antisites.21,22

III. RESULTS AND DISCUSSION

In Figure 2(a), time dependence of the average number

of vacancies per projectile for all ions is presented. It clearly

shows that even though GaN is a semiconductor, there is a

fairly strong in-cascade damage recombination in the mate-

rial. The damage peak at about 0.25 ps is roughly 10 times

higher for PF4 and Ag, and 7 times higher for PF2 than the

final damage after the cascade has cooled down. This recom-

bination value (�10) is much less than in metals; for instance

in Fe typical values are �50 (Ref. 23). On the other hand, it

is still somewhat more pronounced than in Si, where the

recombination is only a factor of 2-3 (Ref. 21). There is also

a second peak around 2 ps of PF4 and Ag irradiation. By the

visual inspection of the simulations system, it was observed

that the peaks result from the elastic waves caused by the

collapse of the cascade region. By doing a simulation with a

box nine times larger and still seeing the peak at the same

time ascertained that the second peak is not a finite size

effect. It should be noted that such elastic vibrations can

influence also the number of instantaneous defects.

TABLE I. Values of geometrical parameters of PF2 and PF4 molecules (see

Figure 1) used in simulation and compared with experimental and theoretical

results.14–16 Bond lengths are in Å and bond angles in degrees.

Geometrical parameters

Molecule Parameters Simulation Reference

PF2 ‘ 1.579 1.579

h 98.83 98.5

PF4 ‘1 1.54 1.54

‘2 1.59 1.61

h1 105.09 103.7

h2 166.41 164.6

FIG. 1. Geometries of a) PF2 and b) PF4 molecules.

FIG. 2. (a) Time development of the number of defects. The curves are aver-

ages of twenty irradiations. The ellipsoidal dots show the time step having

the highest number of vacancies which corresponds to non-linearity pro-

posed in Figures 4 and 5. (b) Time development of the number of defects of

molecular projectiles compared with those calculated as corresponding to

linear combinations of single ion irradiations (Pþ 4� F and Pþ 2� F).
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Figure 2(b) shows – along with the number of vacancies

produced by the molecular projectiles – number of vacancies

calculated as linear combinations NvacðPÞ þ 2NvacðFÞ and

NvacðPÞ þ 4NvacðFÞ. Without any molecular effects causing

non-linearities in defect production, these curves should

coincide with the corresponding molecular irradiation

curves. For PF2, this is more or less the case. However, in

the case of PF4, the amount of damage by the molecular pro-

jectile is 2–3 times higher than that of the linear combination

of single ion damages at times less than 2.5 ps. After that the

curves coincide. Final number of defects shown in Table II

corroborates this linear behavior.

The reason for the observed appearance of linearity in

the case of PF4 is probably the enhanced recombination of

damage caused by the dense cascade of a heavy molecule.

This leads to the fact that at the used ion energy, final defect

production between the atomic ion and molecular ion irradia-

tion does not exhibit a notable difference. However, we have

clearly observed such a difference experimentally at higher

energies. Therefore, further investigation on the threshold

irradiation energy by means of atomistic simulation at which

this difference becomes significant is required for the practi-

cal applications.

A visual comparison of defect production by different

projectiles is shown in Figure 3. It clearly shows, with

increasing atomic and molecular mass number of defects

increases.

Figure 4 shows the instantaneous defect (vacancy) depth

distribution for all projectiles at the time step where the num-

ber of the defects is highest, i.e., when there is no defect

recombination. It also shows depth distribution of final stage.

The purpose of the plot is to compare MD with SRIM which

does not take into account in-cascade defect recombination.

It is seen that the lower the threshold displacement energy

(Ed), the deeper and higher the maximum of nuclear energy

TABLE II. Average number of defects and sputtered atoms produced by dif-

ferent projectiles after irradiation with a single ion. Uncertainties are the sta-

tistical errors of sets of 20 irradiations.

Projectile type Energy (keV) Vacancies Interstitials Antisites Sputtered

F 0.95 5 6 1 5 6 1 4 6 1 1

P 1.55 9 6 2 8 6 1 8 6 1 1

Ar 2 11 6 2 10 6 1 10 6 1 2

PF2 3.45 14 6 1 16 6 1 17 6 1 4

PF4 5.35 29 6 3 28 6 2 32 6 3 7

Ag 5.35 37 6 5 32 6 3 33 6 3 2

FIG. 3. Snapshots of defects produced with different projectiles. Only

defects are shown in the simulation cell. Vacancies, interstitials and antisites

have been indicated by green, yellow and red color, respectively. These

snapshots are taken at 20 ps.

FIG. 4. Instantaneous (closed symbols) and final (open symbols) distribution

of vacancies produced in GaN by different species together with SRIM
18 pre-

dicted vacancy distributions calculated using two different threshold dis-

placement energies ED¼ 25 eV (solid line) and 12 eV (dot line). MD curves

are calculated at the time of maximum defect number shown as ellipsoidal

dots in Figure 2(a).
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loss is. However, standard value of Ed ¼ 25eV more or less

describes the light mass generation. On the other hand, even

twice lower Ed (12 eV) does not give us silver and PF4 gen-

eration and twice overestimates light ion generation. High

defect density is apparent close to the surface, and interest-

ingly, the defect peak for PF4 and Ag is four times higher

than for PF2. This indicates non-linear damage production

with increasing molecular size. Also, by comparing molecu-

lar and heavy mass ion (Ag, PF4 and PF2) with single atomic

ion (F, P, and Ar) irradiation, we can see that former ions

produce significantly larger amount of lattice disorder close

to the surface region. Thus, in Figure 4, contrary to the line-

arity seen in Table II, we observe a clear non-linear behav-

iour in instantaneous damage production. Another

interesting feature is that for all atomic ions and molecular

ions, MD calculated defects are closer to the surface than

that calculated by SRIM.

We have done another kind of data analysis to give a

better look at non-linear effect. Figure 5 shows defect depth

distributions of molecular PF4 and PF2 projectiles in compar-

ison with the corresponding linear combinations of single

ion irradiations. It clearly demonstrates non-linear damage

production in the case of PF4. As we can see, the total num-

ber of defects close to surface is around three times higher

for molecular projectile than for the combination of single

ion irradiations. There can be very small non-linearities for

PF2 as the two curves practically coincide.

To explain the molecular effect, dissociation of the PF4

molecule has been studied (Figure 6). One can see that at the

beginning of the irradiation, molecules stay as a whole or

atoms stay close to each other (interatomic distance less than

�0:5� 1 nm). After that they start to dissociate but small

interatomic distances are still observed. The fact that the

atoms of the molecule stay near to each other till consider-

ably large depths means that the damage distributions of

individual atoms overlap giving rise to non-linear behavior

of defect creation.

Thus, to summarize these observations, we find that at

the peak damage time in the energy spike, there is a significant

non-linear enhancement in the damage production for PF4.

However, the in-cascade dynamic annealing is quite strong

(Figure 2), and in the end (Table II) there is no statistically

significant enhancement of the final damage production.

During prolonged irradiation, the non-linear enhancement of

the heat spike could enhance damage production and amorph-

ization by overlap with previous damage. This issue will be

considered in future works by cascade overlap simulations.

IV. CONCLUSIONS

We have used molecular dynamics method to study

damage production in GaN by ion irradiation. Both single

atomic ions and molecular ions were used for irradiation.

The results show indication of non-linear enhancement of in-

stantaneous damage due to molecular effects and increasing

mass of the projectile.

On the other hand, enhanced recombination of the dam-

age due to dynamic annealing decreases the final amount of

damage for the heaviest projectile thus compensating the

non-linear effects.
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