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Nanocrystalline ZrN thin films with 5 nm grain size, prepared by ion beam assisted deposition,

maintained their isometric structure upon intensive displacive and ionizing irradiations,

indicating an extremely high stability similar to bulk ZrN. However, a unique structural

contraction up to 1.42% in lattice parameter occurred only in nano-sized ZrN upon displacive

irradiations. A significant nitrogen loss occurred with reduced N:Zr atomic ratio to 0.88,

probably due to the production of displaced nitrogen atoms and fast diffusion along grain

boundaries in nanocrystalline ZrN matrix. The accumulation of nitrogen vacancies and related

strain relaxation may be responsible for the structural contraction. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4738772]

Zirconium nitride (ZrN) has the fcc NaCl-structure, iso-

structural with many important nitride nuclear fuels, such as

(U, Pu)N. ZrN and actinide nitride fuels also share the excel-

lent properties of high actinide accommodation, high thermal

conductivity, high melting point, high chemical stability, and

high radiation tolerance. Therefore, ZrN has been proposed

as a good surrogate for actinide nitrides in the development

and testing of advanced nuclear fuels for next generation nu-

clear reactors.1 ZrN also exhibits great potential as an inert

matrix fuel for the incorporation of transuranium elements

and their transmutation in fast reactors.2–5 Mixed nitrides of

(U, Zr)N,4 (Pu, Zr)N,2,5–7 and (Am, Zr)N (Ref. 8) have been

synthesized for inert matrix fuel applications.

The radiation stability of a material is critical for nu-

clear applications. Nanostructured materials were shown

to have significantly improved stability against radiation

damage, owing to the high density of interfaces and surfa-

ces that provide sinks for the annihilation of radiation-

induced defects. Enhanced radiation tolerance has been

observed in various materials, including Pd,9,10 ZrO2,9,10

MgGa2O4,11 TiN,12 and Gd2(Ti0.65Zr0.35)2O7,13 when the

grain or crystallite size decreases to the nano-metered

scale. However, very limited experimental data are avail-

able for understanding the radiation stability of nanostruc-

tured ZrN. Previous reports have demonstrated that bulk

ZrN is highly resistant to radiation induced amorphization

under 2.6 MeV protons at 800 �C.14,15 The unit cell con-

stant of bulk ZrN remained largely unchanged at a damage

level of 0.35 displacements per atom (dpa), and slightly

expanded (0.06%) at 0.75 dpa.15 In this study, nanocrys-

talline ZrN thin films were irradiated with beams of diffe-

rent ion species and energies, in order to investigate the

response under different irradiation conditions. A unique

unit cell contraction of up to 1.42% was observed upon

displacive ion irradiations. The accumulation of nitrogen

vacancies and associated strain relaxation may be respon-

sible for the unit cell contraction.

The stoichiometric nanocrystalline ZrN thin films with a

golden color were prepared on silicon substrates by ion-

beam assisted deposition (IBAD) in vacuum. Zirconium

vapor (Alfa Aesar, 99.7%) was deposited onto the (100) sili-

con substrate, which was bombarded concurrently by a beam

of 1:1 mixed 700 eV nitrogen and argon ions. The as-

prepared nanocrystalline ZrN thin films, with thickness rang-

ing from 200 to over 600 nm, have a B1 cubic structure and

an average grain size of �5 nm, as determined by x-ray dif-

fraction (XRD) and high resolution transmission electron mi-

croscopy (HRTEM), respectively. Irradiations with 300 keV

Neþ and 350 keV Oþ, featuring significant nuclear energy

loss (Sn), were completed at room temperature at the Ion

Beam Laboratory of the State University of New York at

Albany to simulate the ballistic effects caused by neutrons,

alpha-particles, and alpha-recoils in nuclear fuels. Radiation

damage by fission fragments in the electronic energy loss re-

gime (Se) was simulated by room temperature swift heavy

ion irradiations at GSI in Darmstadt, Germany, using

1.46 GeV Xe and 1.69 GeV Au ions separately. The micro-

structural changes of ZrN upon ion irradiations were ana-

lyzed using a JEOL 2010 TEM. The crystal structure and

bonding information were characterized by XRD in a PANa-

lytical X’Pert Pro x-ray diffractometer, and by Raman scat-

tering using a Jobin-Yvon HR300 spectrometer equipped

with a 532.18 nm green laser source. The SRIM 2008 code

was applied to calculate the damage profile and to convert

the ion fluences to the universal damage unit of dpa. For
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300 keV Neþ irradiation, SRIM calculation shows an ion range

of �500 nm in ZrN.

The isometric structure of ZrN remained unchanged

under the 300 keV Neþ irradiation to fluences of 1� 1015

(0.4 dpa), 1� 1016 (4 dpa), and 5� 1016 ions/cm2 (20 dpa).

The Raman spectra of the ZrN samples before and after ex-

posure to different Neþ fluences are largely the same, indi-

cating that the isometric structure was not affected. The

XRD patterns (Fig. 1(a)) also indicate that the ZrN structure

remained isometric after 300 keV Neþ irradiation up to

5� 1016 ions/cm2. However, a significant XRD peak shift to

higher 2 -h was observed with increasing Neþ fluence, indi-

cating a unit cell contraction. The change of lattice parame-

ter at different Neþ fluences was obtained by refining the

XRD patterns, as listed in Table I. At a fluence of 5� 1016

ions/cm2 (20 dpa), the unit cell constant decreased from

4.634 Å to 4.568 Å, a reduction by 1.42%. The unit cell con-

traction reached saturation beyond a fluence of 1� 1016

ions/cm2, with only a slight unit cell parameter decrease

from 4.570 Å to 4.568 Å. The 350 keV Oþ irradiation also

led to a unit cell contraction from 4.634 Å to 4.588 Å

(by ��0.99%) at an Oþ fluence of 2� 1016 ions/cm2

(�1.8 dpa), as indicated by the XRD data (Fig. 2), independ-

ently confirming the unique ion-irradiation induced structural

contraction.

The irradiations of the nanocrystalline ZrN thin films

with swift heavy ions were performed with 1.46 GeV Xe

with fluences up to 1� 1013 ions/cm2 and with 1.69 GeV Au

up to 8� 1012 ions/cm2. In contrast to the Neþ and Oþ irra-

diations in the nuclear energy loss regime, samples exposed

to swift heavy ions showed no peak shift in the XRD patterns

(data not shown here), and the unit cell constant remained

4.634 Å throughout the irradiations. No significant changes

are identified in the Raman spectra of these samples. Nano-

crystalline ZrN has obviously different responses to ion irra-

diations with different energy loss mechanisms. Besides the

unit cell contraction, an orthorhombic ZrSi phase could form

near the ZrN/Si interface as a result of ion beam mixing.16

The unit cell constant of 4.634 Å of the unirradiated

nanocrystalline ZrN here is larger than that of bulk ZrN

(�4.58 Å).17 It is interesting to note that the radiation-

induced unit cell contraction saturates at 4.568 Å, which is

close to the value of bulk material. Previously, size depend-

ence of unit cell parameter in nanostructured materials has

been reported. For example, the unit cell constants of nano-

structured Pd,18 ZnO,19 TiO2,20 CeO2�x,21–23 BaTiO3,21,24

and PbTiO3 (Ref. 25) increase at extremely reduced crystal-

lite sizes. Similarly, the larger unit cell constant of the nano-

crystalline ZrN in this study is also likely due to a nanosize

effect in which reduced grain size may result in a strain field

that causes expansion. Thus, grain growth from the ultrafine

nanocrystalline ZrN might lead to strain relaxation and unit

cell shrinkage to the “normal” volume. However, our

HRTEM characterizations show that after the irradiation

with 300 keV Neþ of 5� 1016 ions/cm2, the average grain

size of ZrN remained �5 nm (Figs. 1(b) and 1(c)). The nano-

crystalline ZrN is apparently resistant against radiation-

induced grain growth. Therefore, grain growth is not respon-

sible for the observed unit cell contraction.

A remarkable difference between the irradiations with

low (keV) and high energy (GeV) ions is their different

energy loss mechanisms. The slowing down of 300 keV Neþ

and 350 keV Oþ ions is dominated by nuclear energy losses.

The irradiation processes are characterized by ballistic inter-

actions, and thus elastic collisions and atom displacements

determine the damage process. In contrast, swift heavy ions

lose their kinetic energy predominantly by electronic energy

loss through ionization and electron-phonon coupling. Since

the ZrN unit cell contraction was only induced by the low

energy Neþ and Oþ ions, its mechanism can be associated

with displacive radiation damage of ballistic projectiles.

FIG. 1. (a) XRD patterns of 300 keV Neþ irradiated nanocrystalline ZrN

showing peak shifts at different fluences. The vertical lines indicate the orig-

inal peak position of the unirradiated sample. HRTEM images of (b) unirra-

diated and (c) Neþ irradiated sample with a fluence of 5� 1016 ions/cm2

(20 dpa). After irradiation the grain size remained unchanged at �5 nm.

TABLE I. Changes in ZrN unit cell parameter (a) at different Neþ fluences

(given in ions/cm2).

Neþ Unirradiated 1� 1015 1� 1016 5� 1016

dpa 0 0.4 4 20

A (Å) 4.634 4.599 4.570 4.568

Contraction (%) 0 0.76 1.38 1.42

FIG. 2. XRD patterns of 350 keV Oþ irradiated nanocrystalline ZrN show-

ing peak shifts at different fluences, with the vertical lines indicating the

original peak position of the unirradiated sample.

041904-2 Lu et al. Appl. Phys. Lett. 101, 041904 (2012)
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Figure 3 shows the changes of the unit cell parameter in

nanocrystalline ZrN as a function of damage level in dpa for

both 300 keV Neþ and 350 keV Oþ irradiations. Despite the

different ion species and energies, the curves of the two ion

beams almost overlap, indicating that the unit cell contrac-

tion is closely related to the displacement damage upon ion

irradiations.

Previously, Ferguson observed a unit cell contraction in

fast neutron irradiated hexagonal a-SiC, and adopted a point

defect model to explain the phenomenon, in which the inter-

stitials move more easily than the vacancies.26 Radiation-

induced lattice contraction in B1 cubic structural types was

also reported by Kobayashi et al. in niobium carbide (NbC)

irradiated with 600 keV Ar2þ and 200 keV Heþ.27 Specifi-

cally, the single crystal and polycrystalline NbC, with an

original unit cell parameter (a0) of 4.475 Å, exhibited ini-

tially a slight expansion (0.4% of a0) and then contraction af-

ter a damage level of 0.2–0.4 dpa until the unit cell

parameter had decreased by 0.5% of a0 and saturated after

�10 dpa. The contraction of NbC was attributed to the

reduced strain field caused by radiation-induced vacancies.

In addition, in B1 structured transitional metal carbides and

nitrides, anion vacancies can result in a decrease of the unit

cell parameter.28,29

The unit cell contraction in nanocrystalline ZrN may

also result from vacancy accumulation under displacive radi-

ation conditions, specifically the nitrogen vacancies (Nv) that

may relax the pre-existing strain field in the ZrN nanograins.

Previous radiation experiments on single crystalline or large

grain-sized polycrystalline ZrN only showed a slight expan-

sion, contrary to the contraction observed in this study for

nanocrystalline samples. The different structural response

maybe a result of different defect dynamics related to nano-

crystalline and bulk materials. Displacive radiation can cre-

ate Frenkel pairs (vacancy-interstitial) through ballistic

interactions. In bulk ZrN, the Frenkel pairs are more likely to

undergo recombination processes within the large grains.

But in nanocrystalline ZrN, nitrogen interstitials (Ni) may

exhibit higher mobilities than vacancies. When the ZrN grain

size is reduced to nanometer scale, comparable to the aver-

age diffusion length of Ni, the Ni are more likely to migrate

to and diffuse out along the grain boundaries of the nano-

crystalline ZrN matrix, leaving the less mobile Nv inside the

grains. This is consistent with previous reports that displa-

cive ions can induce Nv accumulation in GaN, probably due

to higher nitrogen diffusion rate in the amorphous or nano-

crystalline GaN damage zones.30,31 The gradual accumula-

tion of Nv upon displacive ion irradiations may cause the

relaxation of the pre-existing strain field in the nanograins,

which finally leads to contraction. When the strain is offset

by the Nv at high dpa, the contraction process is expected to

saturate.

The increased concentration of nitrogen vacancies

induced by displacive ion irradiation was supported by RBS

measurements (Fig. 4) of a nanocrystalline ZrN thin film

irradiated with 300 keV Neþ ions of fluence 1� 1016 ions/

cm2 (4 dpa). In the irradiation damaged layer, the N:Zr

atomic ratio is significantly changed. Simulations with the

XRUMP code suggest that the surface layer of the ZrN thin

film suffers from a significant displacement damage up to a

depth <490 nm and a remarkable nitrogen loss occurs with

an N:Zr ratio of �0.88. In contrast, the deeper ZrN layer

beyond the damage regime of the implanted ions remained

near stoichiometric with an N/Zr ratio of �1.02. The loss of

nitrogen up to a depth of �490 nm is consistent with the

damage profile calculated by the SRIM 2008 code (range

�500 nm). Evidently, the 300 keV Neþ irradiation results in

a significantly increased Nv concentration in the nanocrystal-

line ZrN.

In conclusion, we report a unique structural contraction

in nanocrystalline ZrN upon displacive ion beam irradiation.

The decrease of the unit cell parameter scales well with the

damage level (dpa). A significant nitrogen loss was observed

in the damaged region of the nanocrystlline ZrN upon displa-

cive radiation damage by RBS measurements. The loss is a

result of the migration of displaced nitrogen interstitials to

the grain boundaries and fast diffusion along grain bounda-

ries of 5 nm grain-sized ZrN matrix. The accumulation of

FIG. 3. Unit cell parameter (a) versus dpa curves for irradiation of nano-

crystalline ZrN with 300 keV Neþ (red) and 350 keV Oþ (blue), indicating a

close relationship between the lattice contraction and the displacement dam-

age level.

FIG. 4. RBS spectrum (black line) of nanocrystalline ZrN irradiated with

300 keV Neþ (fluence 1� 1016 ions/cm2 corresponding to 4 dpa) and simu-

lation result using XRUMP code (red line) indicate a nitrogen deficiency

(N:Zr¼ 0.88) within 490 nm depth from the surface.
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nitrogen vacancies within ZrN grains and the associated

strain relaxation may be responsible for the structural con-

traction. The reduction of the length scale to the nanometer

regime may significantly alter the dynamics of defects (pro-

duction, migration, and annihilation) and correspondingly

affects their radiation response.
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