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Effect of ion bombardment on stress in thin metal films
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lon-beam-irradiation-induced changes in the stresses operating in thin films are correlated with the thermo-
dynamic phases of the films and the evolution in the film microstructures and morphologies. We investigate
using a combination of experiments and molecular dynamics computer simulations the mechanisms that lead to
residual stress changes in amorphous, nanocrystalline, columnar polycrystalline and single-crystal thin films.
While local viscous relaxation within thermal spikes underlies all stress changes, i.e., a liquidlike region along
the collision cascade, it can lead to very different states of stress in the different metallic films.
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[. INTRODUCTION posed by the surrounding crystalline matetfaSpecifically,
lattice sites need not be conserved, and so atoms can rear-
MeV ion beam modification of surfaces and thin films hasrange to reduce stress. This is in obvious contrast to single-
been the subject of extensive research activities during therystal samples where resolidification is nucleated by the sur-
past several decadésVhile most early work with ion beams rounding crystalline lattice. In principle, defects created by
was concerned with the creation of point defects, defect rethe energetic recoil could organize to reduce the stress state,
actions and impurity doping, newer work has addressed moré®r €xample, in properly oriented dislocation loops, but there

the global response of solids under irradiation: phase stabilS currently no evidence for such behavior during low-
ity in driven alloys? evolution of surface morphologiés®  temperature irradiation when defects are immobile. From the

and stress modificatiofr'! For the fields of thin films, sur- above discussion, it becomes clear that the primary require-
faces, and nanotechnology, the ability to vary the stress ifnent for stress relaxation in solid matter is the nonconserva-
films presents new opportunities for tailoring the structure oftion of lattice sites. This condition is clearly met in amor-
thin films for specific applications, even after the sample ha®hous materials, and not in single crystals. In the present
been prepared. In the present work we focus on the effect g¥ork we examine this condition in detail, considering
ion beam bombardment on mechanical stresses in a varieyhether grain boundaries and surfaces can also influence
of metallic thin film samples. changes in the stress state in irradiated materials, since the
Irradiation of solids with energetic particles has beenconstraint imposed .by the conservation qf lattice sites is re-
known for many years to alter the state of stress in puldaxed at these locations. The study described here employs a
solids. This effect was attributed to the excess volumes ofombination of experimental measurements and molecular
formation associated with irradiation-induced defects. In-dynamics(MD) computer simulations.
deed, measurements of the change in lattice paratieted
change in streddin single-crystalline solids have long been Il. EXPERIMENTAL DETAILS
used to determine concentrations of point defects. It has also
been known for nearly 20 years that irradiation with swift ~The measurements of the effects of irradiation on stress
ions, i.e., ions having electronic stopping powers in excess oivere  performed on amorphous ZAl;sCl,; 5 and
a few keV/A, leads to plastic deformation of metallic glassesZesClss, nanocrystalline AgCosy, columnar polycrystal-
with shrinkage in the direction of the beam and expansiorine Zr, and single-crystal Nb films. The amorphous films
transverse to it* In thick specimens, or thin films on sub- were vapor deposited on thermally oxidized18i0) wafers
strates, this effect can cause residual stress in the neaising independently rate-controlled electron beam evapora-
surface region. Lastly, we note that many amorphougors under UHV conditiongbase pressurpg<10'° Torr).
samples, including covalehtionic? and metalli¢® bonded It is known from earlier studies that the stress evolution in
solids, undergo stress relaxation during irradiation with iongglassy films during deposition is dependent on the alloy com-
at much lower energies, ranging from less than one keV tgosition, and that it is overall tensile for Al <Cu,7 5 and
several MeV. Stress relaxation has been attributed to localompressive for ZgCugs. ™
melting and concurrent viscous flow in the vicinity of the ion  The Zr and Ag¢Cosq films were grown under high
track in densely packed materiafst” a picture that emerges vacuum(HV) conditions pg=<10"2 Torr), also using rate-
from molecular dynamics computer simulatidfis. controlled electron beam evaporation and thermally oxidized
Due to their random nature as “frozen liquids,” the amor- Si(100 wafers. Thea-Zr polycrystallites were(002) ori-
phous structure is usually considered a requirement foented, while the AgiCos, films were fcc with a111) orien-
radiation-induced stress relaxation. This is based on the iddation. These crystalline films both develop tensile stresses
that local liquid regions along a thermal spike can rearrangeluring growth at ambient and liquid nitrogen temperatures,
and resolidify without strong boundary constraints being im-as determined from x-ray curvature measurements following
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sample preparatioff. This finding is in accordance with ex- substrate, before and after ion beam irradiation. Comparison
pectations for the growth of thick films by vapor deposition with the averaged values of the elastic constants in(1fh6é)
under conditions of low atomic mobilif?>*?*The intrinsic ~ plane provided the absolute stresses in the films.
growth stress of AgCos, at liquid-nitrogen temperature The ion beam irradiations were performed under HV con-
was so high that the film stress remained tensile even aftatitions. Test measurements with different energies showed
warming to room temperature, despite the higher coefficienthat if the ions crossed the film/substrate interface, a large
of thermal expansion of the metal film in relation to that of increase in stress developed, which we attribute to ion beam
the Si substrate. Detailed x-ray studies with systematic variamixing. Therefore the ion type and energy were optimized
tion of the substrate tilt out of th® —20 geometry revealed using sriM simulationg® to maximize the fraction of the
a columnar microstructure for the Zr film and the nanocrys-sample being irradiated while preventing recoils from reach-
talline nature of the AgCox, film. The Nb films were pre- ing the film-substrate interfac®.700 keV Kr" ions were
pared with(110 orientation on sapphir¢l120) substrates employed for irradiation of the Z£Al; =Cu,; 5 and Zr films,
using molecular beam epitaxfMBE). The substrate tem- 800 keV Kr' ions for ZisCugs and AgyCoso, and 700 keV
perature during growth was: 1160 K, although the sample Xe™ ions for the Nb single-crystal films. The doses in all
was subjected to various annealing cycles after depositiortases are converted to normalized units of displacements per
Details are found in Refs. 23 and 24. atom (dpa to enable comparisons between experiments and
The thicknesses of the substrates were kept thinsimulations, which have different irradiation parameters. A
=200 um, to ensure sufficient sensitivity to changes in thedisplacement enerdy of 10 eV was employed isriM for
stress levels in the attached thin films. After preparation, théhe conversions from ion/cfrto dpa. The irradiations were
samples were mounteelx situin a self-constructed three- performed at near-normal incidence, except for the case of
capacitance dilatometer. Depth profiling by Auger electronNb, for which the sample was tilted by 20° to avoid effects
spectroscopy(AES) and Rutherford backscatterindgRBS)  of channeling.
showed that the short exposure of the samples to air had no In addition to stress measurements, we determined using
measurable effect on the results, as the samples were eith&iomic force microscopy(AFM) the surface topography

sufficiently chemically iner{Nb, Ag, Co or they passivate h(x,t) [x=(x,y), where thex-y plane is parallel to the sub-
after the formation of a few monolayers of oxidéor  stratd for representative doses and films. Our analysis is

samples containing Zr/Af° The dilatometer simultaneously |imited here to gray scale surface topographs and the rms
measures the distances between three reference plates gpgbt mean squajeoughness

the back side of the samples at three locations using three
separate capacitors and an ultrahigh-precision capacitance §(t)=J([h()?,t)—(h()?,t));]zx. 2)
bridge (Adeen Hagerling, type 43532This arrangement en-
ables precise measurements of changes in the substrate cur-
vature, since substrate tilts and shifts can be eliminated. The

typical resolution of the dilatometer for the sample curvature The MD simulations were performed usiRgRCAS™ with
measurements 15 10 km, where the limitations orlglnate. periodic boundary conditions imposed for ﬂqandy direc-
not from the capacitance measurement, but from mechanicgbns, a free surface for the z direction, and three rows of
vibrations in the expe”mental Setup. Details on a Slmllarfixed atoms at the bottom of the cell in thez direction, in
system can be found elsewhéfe. ~analogy to a thin film on a substrate. The dimensions of the
The stress levels inside the films were calculated using theel| in the plane of the film were fixed and chosen to obtain
Stoney eque;tloﬁ,zz\amth the biaxial modulus for $100, Bs  the desired biaxial stress. To distinguish surface and substrate
=1.805< 10" Pa/’® the wafer thicknessls, the film thick-  effects from bulk processes, we performed a second set of

Ill. SIMULATIONAL DETAILS

nessdg, and radius of curvature simulations employing periodic boundaries in all three direc-
) tions, but with zero stress in thedirection. The cell con-
_ Bsds 1 tained a minimum of 25 atoms per electron volt of recaoill
7= 6rdg’ @ energy and damping at the periodic boundaries to ensure

realistic simulations of atomic recoils in a solid, i.e., to pre-

While the described experimental apparatus provides awent significant heating of the simulation cell and to reduce
accurate measure of changes in the film stress, it does npbssible effects of energy reflections at the boundaries. The
yield the absolute level of stress in the film. We thereforetemperature of the cell was initialized to 10 K and scaled
measured the absolute stresses eitheinbsitu stress mea- during the recoil event toward this temperature at the three
surements during film preparatigfor the metallic glassé® outermost layers abutting the periodic boundaries using a
or by x-ray curvature measurements bef¢aed aftey ion  Berendsen thermostit.
irradiation. This latter approach provides a check on the rela- The atomic interactions were calculated using embedded
tive stress levels obtained from tive situ capacitance mea- atom methotl' (EAM) interatomic potentials with the short-
surements during irradiation. For determination of therange interaction fitted to the Ziegler-Biersack-Littmark uni-
stresses in the Nb film, we proceeded somewhat differentlyersal repulsive potentidf. The simulations considered the
owing to the elastic anisotropy of the sapphire substrate. Weffect of recoils on biaxial stresses in amorphousggTiyg,
thus determined the absolute stress levels directly from x-rapjanocrystalline AgNisy, and single-crystal Cu. For
measurements of the lattice parameter perpendicular to theus,Tiso and Cu we used the potential formulated by Sabo-
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chick and Lam® and for AgNis, the original Foiles EAM
potential®’ Both potentials have been shown to describe the
relevant physical properties of these metals reasonably well,
importantly here: the absolute magnitudes of the melting
temperatures. The AgNi potential, however, underestimates
the heat of mixing in the liquid, but this does not pose seri-
ous problems for the current purposés.

The amorphous GygTisg simulation cell was created by
successive annealing and quenching cycles until the potential
energy no longer decreased. Evaluating the radial distribu-
tion function (absence of the second-nearest-neighbor peak
and locating the glass transition temperature during quench-
ing verified the amorphous nature. The nanocrystalline
AgsoNisg structure was created by simply placing 2 nm Ag
and Ni nanocrystallites on a CsCl gAiSince the structure
is an ordered array of crystallites, each phase is intercon-
nected through next-nearest-neighbor necks, which are a few [
tenths of nm in diameter. Before initiating the first recoil, the 00! . . . . . .
cell was relaxed to 10 K, during which time the Ag grains 0 B 10 15 20 25 30
became far more distorted than the Ni grains. Presumably, 1.8MeV Kr* Dose @ [10"°cm?]
the smaller elastic stiffness and stacking fault energy of Ag
facilitate the formation of subgrains and twins, thus assimi- FIG. 1. Evolution of the surface morphologies of amorphous
lating the stress level of the Ag and Ni grains. The Cu singleZfesAl75Cly7 5, Nanocrystalline AgCoso, and columnar polycrys-
crystal was created with @01) surface. The in-plane lattice talline Zr films during 1.8 MeV Kt ion beam irradiation. lon bom-
constant was set to its proper value for the applied stress. bardment of amorphous films enables the creation of atomically

The irradiation was performed by assigning a recoil en-Smooth films. Nanocrystalline films initially smoothen, but roughen

ergy to a randomly selected atom that was far from a dampeﬁ’r higher doses due to growth of surface grains. Columnar poly-

or surface boundary. The direction of the recoil atom Wasc_rys'talline films hardly change the surface morphology during irra-
also randomly chosen. Changes in the biaxial stresses wefito":

monitored as a function of the number of recoil events. In

this context we note that during simulated irradiation noregion(800 keV Kr") is initially under compressive stress. It
changes in the elastic properties were detected to within aj noteworthy that due to the growth behavior of amorphous

Normalized roughness /¢

0.2 e R ]
amorphous

uncertainty of~10%. films, stress gradients in the irradiated region are unavoid-
able. For the present study, however, the combination of the
IV. RELAXATION OF GLASSY METAL FILMS film thickness and ion range resulted in the irradiated portion

of the film being initially mostly homogeneously stressed.
Figure 1 shows the dramatic smoothening reaction that
It is known from previous studié$that amorphous alloys occurs during bombardment of gAl; sCu,; 5 films at am-
that are grown by vapor deposition under UHV conditionsbient temperaturd The surface roughness, determined from
develop a characteristic stress profile. Initially, the film ob-AFM images, decreases rapidly at first, and then gradually
tains a stress that depends on the specific substrate, but asdaches a minimum at2x 10 ions/cnf, when the films
grows thicker the stress becomes more compressive. At stilecome almost atomically smooth. The intrinsic growth
greater thickness, the local state of stress changes to tensigess, on the other hand, relaxes almost completely by a
again and then remains constant. The surface morphology iflose of~5x 10'3 cm™?, followed by a buildup of tensile
this latter stage of film growth is particularly rough. It is, in stresses, which saturate by a dose~dx 10%° cm™? at a
fact, the development of roughness that causes the tensilevel of ~—0.35 GPa(see Fig. 2*° Shown inset in Fig. 2
stresses. The characteristic thicknesses, the specific levels @ an expanded scale are normalized stress relaxation curves
stress, and the length scales of the roughness all depend anlow doses for irradiations at three temperature87 K,
the specific alloy systerit.For ZrssAl; Cly7 5 the early- and  ~300 K, and~607 K. The highest temperature is close to
late-stage stresses are tensiteO(4 GPa and-0.58 GPa, the calometric glass transition temperatdig, which was
respectively. The intermediate-stage stress is compressiveletermined to be=650 K for a heating rate of 20 K/mift.
(0.17 GPa) and extends from¥20 nm film thickness 10 rhe ragiation-induced viscosit{RIV), 7®, was obtained

~220 nm. The average stress within the penetration depth gfom, these data by assuming exponential relaxation
our 700 keV Kr* ions is tensile. The initial surface morphol- pahavio®42i e.

ogy in the late stages of film growth, moreover, is very
rough, with huge domes-20 nm in diameter appearing in

A. Experimental results

the AFM images.
. . . o B®
For ZrssClugs, the regime with compressive stresses pre- — =exp — —— |. 3
vails to the final film thickness, so that the overall irradiated 0] 6 nd

214105-3



S. G. MAYR AND R. S. AVERBACK PHYSICAL REVIEW B68, 214105 (2003

0.00 a) 12
- 10 " .........................................................
-0.10 1 ° i
L S 08
b _
N S o6l
5. -0.20; R '
© E 04 -+ amorphous CuTi o
E [ L 1
-0.30F § 0.2ro single crystal Cu ]
o z [ ]
: 0.0 o nanocrystalline AgNi ]
-0.40¢ 1 L ! -0.2C ) 1 1 L
0 101016 201016 3.107®  4.106 0.000 0.005 0.010 0015 0.020
700keV Krt Dose @ [cm'g] Displacements per atom [dpa] (PKA: 100eV)
FIG. 2. Biaxial film stresses in ZgAl; :Cu,; 5 during bombard- b) oF . ; ; . ; —
ment with 700 keV KF ions. The arrow ind_icates the initial_stress single crystal Cu
level. For low doses the stresses relax with an exponential decay - f 3
(insed, which is measured temperature dependent and normalized % 1 tmcmm...mw”‘”‘""”mmmmm.
to the initial stress. Only a weak temperature dependence is detect- @ I 3
able. L ]
5 O3y nanocrystalling AgNF
Values of (3.2:0.5)x10° Padpa, (3.20.5)x10° Padpa g y o
and (1.9-0.5)x 10 Padpa for liquid-nitrogen temperature, ‘_é’ :
room temperature, and 607 K, respectively, are determined, S -1 g -
illustrating a very weak temperature dependence. A value of £ amorphous CuTi T
n®=(8.5+4.25)x 10° Padpa was obtained from measure- of . . . , , L
ments of surface smoothening using A@M/,h_ich is in good 0.000 0.010 0.020 0.030 0.040 0.050 0.060
agreement with the present stress relaxation measurements, Displacements per atom [dpa] (PKA: 5.0keV)
considering the approximate nature of deducing viscosities
from surface smoothening experiments. FIG. 4. MD simulation of the relaxations of the normalized

Since stress relaxation is independent of the sign of th&iaxial film stressesr/og by (a) 100 eV and(b) 5 keV primary
stress for Newtonian flow, it is useful to corroborate ourknock-on atoms(PKA): Stress relaxation is only observable for
interpretation of RIV by measuring stress relaxation on s2morphous and nanocrystalline films, and does not occur for single-
sample that is initially under compressive stress as is the cagd/stal Cu films. Instead compressive stress is built up for 100 eV
for ZrgsCuss. These data are illustrated in Fig. 3 for a samplereco'ls in Cu due to defect generation. The exponential fits are
irradiated at room temperature. Again the radiation-induce(?_mployed for the determination of tifeffective radiation-induced

viscosity was determined by fitting E(B) at low doses, with viscosity.

the result thaty®= (2.7+0.5)x 10 Padpa. Within the un- certainties, this value is in agreement with the measurement

on ZrgeAl; Cluyy 5, and thus an indication that radiation-

04 I T T T T

_—70 : ] induced flow is indeed Newtonian. Continued irradiation of
. ZresCugs films to high doses results in tensile stresses with a
0.2F 0.8} 1 7 saturation value of- —0.42 GPa, which is also quite similar
o 0.6} 1 1 to the value observed in gAl;Cu,;s. It is noteworthy,
= 0.0 © 04 1 4 however, that the dose required to reach the saturation stress
o ] is considerably higher for ZgAl; Cu,; 5 than for ZgsCugsg,
S, 0.2¢ ] 1 even though their radiation-induced viscosities are nearly the
© '02 OO 13__ same.
610 '° |
0.4 ] B. Simulations and discussion
0.6 n MD simulations of radiation-induced viscous flow were

performed on three metal systems: amorphousg,Ti,
nanocrystalline AgNisg, and single-crystalline Cu. Repre-
sentative results for all three structures are shown in Fig. 4
FIG. 3. Biaxial film stresses in &Cuss during irradiation with ~ for two different recoil energies, 100 eV and 5 keV. For the

800 keV Kr" ions. For low doses the stress relaxation follows anpresent we confine our discussion to amorphoug,Tsp.
exponential decayinse. For this glass, local melting within a thermal spike is ob-

0 2010" 4010'° 610" 8010'° 1010'®
800keV Kr* Dose @ [cm™?]
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FIG. 5. lllustration of the mechanism of tensile stress generation 2.5¢ Dose [1 0160m'2]_:
in amorphous and nanocrystalline samples during ion irradiation. 3.0L ]
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served only for 5 keV recoils; the 100 eV recoils only create 0 201010 201015 1015

point defects(see also Ref. 9 For both energies, however,
the initial state of stress undergoes relaxation. Two sets of
boundary conditions were examined; the first—as shown in G 6. stresses in nanocrystalline 4gos, films relax at small
Fig. 4—employed periodic boundariesxry, a free surface  goses €2x10* cm™2) and get strongly tensile at higher doses.
in +2, and a substrate in the z direction, in analogy to the For®=2x 10" cm™2 the tensile stress increases almost linearly as
experimental film geometry. The other employed periodica function of dose. This behavior is accompanied by grain growth,
boundaries in all three directions, i.e., a bulk specimen, buks shown in thénset Once the size of the thermal spikgashed
we maintained zero stress in thalirection. For the 100 eV line) is exceeded, the thin film kinetics decelerates markedly. The
recoils, the relaxation rate of the initial stress was the sameéoses are measured with or are normalized to 1.8 MeV igns.
for the two boundary conditions. For the 5 keV recoils, on
the other hand, the rates and final stress levels differed, indivhere we employed the biaxial modulu8~140 GPa, the
cating the onset of additional surface-related mechanismshermal expansionv~1x10°>K~! and the temperature
We therefore first consider stress relaxation in the bulk gedifference between glass transition and substrate temperature
ometry. Applying Eq.(3) on the relaxation curves yields the AT~ —300 K. This value of stress is in good agreement
RIV’'s, which are similar for the two energies, when com- with both simulations and experiments. Concerning stress
pared on the basis of defect production:3380° Padpa and relaxation, it is clear that the above mechanism for generat-
3.6x 10° Padpa for 100 eV and 5 keV recoils, respectively.ing tensile stress is additive with stress relaxation to reduce
The good agreement of these calculated numbers with thgae incipient compressive stresses. The effective radiation-
experimental data corroborates our viewpoint expresseghduced flow[Fig. 4(b)], therefore, becomes non-Newtonian
previously that defects create local shear instabilities in anand the RIV is reduced (2:810° Padpa). A free-standing
amorphous matrix, and this mediates viscous flow. film shows even greater reduction of the F?I‘illustrating

The simulations of 5 keV recoils using the boundary con-the effect of the constraints imposed on the film by the
ditions of a thin film, Fig. 4b), show that, similar to the substrate.
experiments, significant tensile stresses develop during bom-
bardment and that they appear to saturate at high doses. The
absolute saturation level of stress,—0.49 GPa, is even in b/ STRESS RELAXATION IN NANOCRYSTALLINE FILMS

good quantitative agreement with the experiments. Visual in- A. Experimental results

spection of the simulation cell reveals the origin of this ten- . . I
! . . L Our experimental results on stress relaxation on initially
sile stresgFig. 5), viz., the elevated temperature within ther- . ;
nanocrystalline  AgyCoso flms have been reported

mal spikes creates high pressures, due to thermal expansian,_ - 38 . )
: . previously;® however, we briefly summarize them here to
and this leads to material flow onto the surface. Upon cool}

ing, the material contracts, but when it cools below the glasﬁlrowde a broader context of stress relaxation in metals. As

transition temperature the flow is suppressed. Hence, on fur_ustrated In Figs. 1 and 6, grain growth, surface smoothing,

ther cooling to ambient temperature, tensile stresses are gestljrgn Sltrei?)rrg;ggt'ogoan h ni:(r)ggesga”?newoﬁot@heosg azgnsile

erated owing to the thermal contraction. For high recoil en- resge); relax. and .rains grow and all verv rapidl ;/vhen the

ergies the number of atoms remaining above the surface, as& A 9 grow, an y rapidly .
rain size is smaller than the size of the thermal spike

bump, is much larger than the sputtering yield. Recoils a ~9 nm for dosesb=1x 10" cm ?). We attributed this

low in energy as 5 keV in GyTigy, for example, are found . : : o

i our simiations to produce more than an rderofmagnie 00 IeSeTeE oM 9 s i e

tude more adatoms than sputtered atoms. . PIKE, .
sites. For grain growth, for example, we noted that owing to

A simple model calculation illustrates the plausibility of o S : . : o
our proposed mechanism. Once the entire film has been ovetrr-]e immiscibility of Ag with Co in both the solid and liquid

lapped with thermal spikes several times, we expect th%;arsgsv’vgrrg'guboﬂgg:% m;?];iattlr?gtanir?tlglr(indlm?%]e?ﬁ;r:z;wq
stress in the film to reach a steady state value given by %’1 o - Sintering o
was necessary:** For liquid phase sintering, however, it is

necessary that significant regions around triple junctions are
o~BvAT~—-0.42 GPa, (4)  melted, and this becomes increasingly less likely as the grain

Dose @ [cm™]
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size grows larger than the size of the thermal spike. As a T i G PR - T
consequence, more and more overlaps of cascades are re- E R —r ;‘,.i-" Ve
quired, as indicated in Fig. 6, thus markedly increasing the {3 - ;:_:_ =i ,;;:’_ L2
effective radiation-induced viscosity. _E:‘:"..,i,’,_tti:': hpest4 ,,575?:::"::.;\‘:\
From an analysis of the grain growth, surface, and stress ~ [-2727 .20 P2l 2 " 270, 4000700 0
relaxation data we found in the regime of small grain sizes A = R P A VAR
values of RIV of 2.1510° Padpa, 2.8 10° Padpa, and . ‘\‘;f,(“ ~ S
8.8x 10° Padpa, respectively. The values calculated from ol PR R ol
surface relaxation and grain growth agree well with each :{EI_\_}Q\::1.'”2"::‘:5::13"’<:S:~'-1$::1§_
other and with the value obtained for the amorphous metals. |, **# X Sm=c2’  Sypis- = - ST =)
The stress relaxation measurements showed a higher value, |7.« I S . : -
i.e., it proceeds more slowly. We tentatively attributed this N " t - , Ll h
difference to the fact that changes in stress can derive from [ I¥.y, W13t w27 Llioe. . X200
sources in the complex microstructure other than simple SRR RS L B A
stresses relaxation. For example, the concomitant growth of o Ll ! ST
grains can create tensile stresses, and possibly the surround- |::. A ST LI
ing crystalline matrix imposes constraints that are typical of L e DR
single-crystalline materialésee below. The details of these
processes, however, are not presently understood. R T e N T
Measurements of the rate of grain growth at high doses [a A o N ~
yielded a value of RIV 0f~9.6x 10° Pa dpa. We noticed too Sooonyy, v . et -
a strong buildup of tensile stresses at high doses, similar to |23, S: 2 ‘; 'x}i‘{,&'\ : ;2 feiiiLiie ,_'<f
the observation for the glassy films, and we interpret it, at \ EEREEEEE PR NP Do e
least partially, on the same basis, material flow onto the sur- |- >~ =371idd N 2247 T AT
face. Additional mechanisms additionally have to be ex- 3 N . s .
pected to contribute, for example, densification of the film N T cNrY STt
during grain growth is suggested by the rapid increase in  [i37 .t LI T TR T Y
tensile stress with increasing grain sizege Fig. 4 At R AT RS TR
higher dose, the rate of grain growth slows as does therisein  |» = AR . N ",
tensile stress. lon beam mixing in combination with devia- \7\ FUTI g 1 teo r_"
tions from Vegard's law is also capable of generating A T N e R R T RIS
stresses, although these particular stresses are expected to be [ -oy 4217100 a7 meen "o Tl woer 0 2e
an order of magnitude small&t. S DRIE L LERREE Ll
= o K

B. Simulations and discussion

. d f d imulati FIG. 7. Grain rotation during 100 eV irradiation of AgNi films
In-our previous study, we performed MD simulations a'[that are initially under(@ compressive(0.5 GPa and (b) tensile

high energy, 20 ke¥! where several grains undergo melting (_ o 5 Gpa) biaxial stresses: The displacement fields of the atoms
simultaneously. The present work complements that investiy, the plane of the biaxial stress are calculated after 180 recoils
gation by simulating stress relaxation in nanocryst-(~p 017 dpa). Stresses are relaxed by rotation of(tuspheri-
alline AgsoNiso subjected to 100 eV and 5 keV recoil events. ca)) grains in an appropriate direction. Here only the surface is
Thermal spikes are typically the size of a nanograingpen; the atoms at the z surface are fixated.

(=~3000 atoms) for 5 keV recoils, while for 100 eV events,

melting was not observed. The new results are shown in Fighin-film geometry by the substrate. Recall that in the thin-
4. For 5 keV recoil energy, the results for the AgNi simula-film geometry, atoms in the surface in thez direction are
tion cell with the open-surface geomefiyig. 4b)] show a  held fixed. This result contrasts with that from the amor-
clear similarity with amorphous Gylisg, which we inter-  phous samples, where the relief of constraints by the open
pret accordingly, i.e., stress relaxation by radiation-inducedurface dominates over the presence of the substrate, and it
viscous flow at low doses followed by the creation of tensilesuggests that the inherent crystal lattice of the grains restricts
saturation stresses-(0.21 GPa) at higher doses, due to thethe reordering process when only a few grains are melted.
flow of material onto the surface. We can now rule out theWe also note that the experimental RIV is significantly larger
possibility that these tensile stresses arise from grain growttihan that found by the simulations. This appears to be an
since additional simulations using the bulk sample geometnartifact of the ordered CsCI grain structure employed in our
with zero applied pressure in thedirection, resulted in a simulation cell, which allows for efficient stress relaxation.
saturation tensile stress that was one order of magnitudk fact, even for 100 eV recoils, stress relaxation in the nano-
smaller (=—0.04 GPa). The RIV for thin-film geometry, crystalline simulation cell remains efficientRIV, 2.60
2.33x 1% Padpa, is about a factor of 2 higher than that forx 10° Padpa); this efficiency appears to arise from the relief
the bulk geometry (1.2810° Padpa). We tentatively at- of stress by the rotation of grains. This is shown by the
tribute this small difference to constraints imposed on thelisplacement fields in Fig. 7. This mechanism of grain rota-
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FIG. 8. Biaxial film stresses during bombardment of a columnar
polycrystalline Zr film with 700 keV Kf ions: The initial tensile

stress increases at low doses and reaches a maximum at reference lattice parameter

~ —1.45 GPa. For higher doses, the stress trends exponentially to- G
wards a compressive saturation value @t<0.245 GPa)—see fit- FIG. 9. In columnar polycrystalline films two mechanisms ap-
ting curve. pear to contribute to stress generation during irradiation. First, grain

boundary relaxation leads to a densification of the film and there-
tion is reversible with stress inversion, but it strongly de-fore to tensile stresses. Second, successive melting and crystalliza-
pends on the presence of open surfaces. The elimination ¢ibn within thermal spikes drives the lattice parameter of the col-
open surfacesby choosing a fully periodic simulation cgll umns toward its value at the penetration depth of the i@nd.
leads to a remarkable deceleration of stress relaxation, as Repending on the initial state of the film, therefore, the resulting
quantitatively visible from a strongly elevated RIV (1.15 stresses can be tensile or compressive.
X 10° Padpa). Nevertheless, stress relaxation by grain rota-
tion can be expected to be relevant experimentally for certaif@lly results in the generation of compressive stresses and a
grain geometries_ final value of =0.245 GPa. The transition from tensile to
compressive stress occurs at a dose=@fx 10'° cm 2.

VI. STRESS RELAXATION IN COLUMNAR . .
POLYCRYSTALLINE FILMS B. Discussion

The experimental results on stress modification of colum-
nar polycrystalline Zr by ion bombardment are, at first

At ambient temperaturez-Zr films grow in a polycrys- glance, in strong contrast to those for the nanocrystalline and
talline columnar microstructure. AFM surface topographs ofamorphous films. Neither surface smoothening nor stress re-
the as preparedilms show the top domes of these columns,laxation is observed at low doses, and compressive stress,
which have a diameter ¢ 30 nm[similar to Fig. 1c)]. The  rather than tensile stress, is generated at high dose. The sche-
stress profile in a film grown with a columnar structure ismatic drawing in Fig. 9 helps us to understand this behavior.
well established?=2? following the same scheme as de- As in the other cases, the implanted ions do not penetrate the
scribed above for amorphous film growfifor a schematic  whole film, so that the process of local melting and resolidi-
drawing see Fig. @)]. The type of stresses that develop in fication occurs only above a certain depth. The lattice at the
the early stages of growth depend on the specific substratdepth of penetration, therefore, provides the template on
The next stage of growth is characterized by compressivevhich the resolidifying Zr nucleates, and thus it can cause
stress, although it eventually changes to tensile stress witbirain in close analogy to liquid-phase epitaxial growth.
continued growth. The region that is accessible to 700 ke\Since this region is in a state of compressive stress according
Kr* irradiation is expected to contain a stress gradient, witho Fig. 9[ c=<0.4 GPa(Ref. 20], the irradiated region also
the highest tensile stresses close to the surface, and a redudsztomes under compressive stress. We thus identify the ex-
tensile or even compressive stress near to the penetratigonential convergence of the stress at high doses in Fig. 8 as
depth of the ions. a progressive modification of the lattice constant of the irra-

As Fig. 1 shows in the AFM images, ion irradiation has diated region towards its value at the depth of ion penetra-
only a minor influence on both the surface roughness antlon. It is uncertain, however, whether the final stress at
diameters of the top domes of the columns, i.e., it does not5x 10'° represents a saturation value, or whether it even-
much modify the column grain sizes. The dependence of theually becomes tensile at still higher doses, as observed for
biaxial film stresses on irradiation dose is shown in Fig. 8the amorphous, nanocrystalline, and, as it will be seen,
For low dosess2x 10", a strong increase in the magnitude single-crystalline samples.
of the tensile stresses is observagd to~ —1.45 GPa). This The above discussion also clarifies why grain growth and
is followed by an exponential decrease in stress, which fisurface smoothening are inhibited in this structure during

A. Experimental results
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0.00 Cu, since past work had indicated that EAM potentials are
reliable for this purpos&’ The results are shown in Fig. 4.
o010k Bombardment leads to an increase in the initially compres-
UF sive stress for 100 eV recoils, but no detectable change for
- g the 5 keV events. The behavior at low energies is due simply
% 0.20f to point defect generation. An analysis of defect production
Y ; on two independent series of 5000 e\) events shows an
; average point defect concentration of 0.069% vacancies and
0.30f 0.059% interstitials. The concentrations after (500 keV)
: events are 0.35% vacancies, with 44% of these in the form of
0.40 : vacancy loops, and 0.089% interstitials, with no loops. While

g e e e 46 these concentrations are close to that expected for the 100 eV
0 2010 = 410~ 610 = 810" 110 events, using a displacement energy of 29 éhey are sig-
700keV Xe" Dose @ [cm™] nificantly lower than what would be expected for the (50
FIG. 10. Evolution of the average biaxial film stress of Nb !<eV) e.v_entsA:7 The Iatter_fact,_together Wit_h the imbalance of
single-crystal films during bombardment with 700 keV *X@ns: |nterst|t|.als .and vacancies, is a strong indication that both
The initial tensile stress of the film does not relax, but increase§€combination and loss of defects to the open surface had
with irradiation dose. occurred. Using the relaxation volumes of point defects de-
duced for our potential, we estimate the expected stress
irradiation. Grain growth is prevented because melted grainghanges to be 0.046 GPa and 0.006 GPa for 100 eV and 5
are nucleating on the preexisiting columnar grains, and theev recoils, respectively.
surface roughness is controlled by the force equilibrium be- This agrees very well with the simulation results in Fig. 4
tween the surface and grain boundary enerffiég. 9a)]. (0.008 GPa and 0.043 GPa for 100 eV and 5 keV recoils,
The reason for the increase in the tensile stress at lowespectively, but is in contrast to the experimental data on
doses is presently uncertain, but we tentatively attribute thisyb, where strong tensile stresses are generated. In comparing
behavior to the densification of the columnar grain boundarghe simulations of Cu with the experiments, we first note that
structure during irradiation. It is known that this structure isstress relaxation is, indeed, not observed for either the 100
not fully dense and a similar densification behavior is ob-gv or 5 keV recoil events, i.e., RIV does not occur in the

served during thermal annealify. crystalline matrix. All changes in stress at low dose can be
attributed to the addition of point defects. At high doses, the
VIIl. STRESS MODIFICATION experiments show an increase in tensile stress that is not

OF SINGLE-CRYSTAL FILMS observed in the 5 keV simulations. On the other hand, the
A. Experimental results simulations reveal that there is an imbalance between vacan-

i o _cies and interstitials, with four times as many vacancies as
_lon-beam-induced stress modification was also examinegherstitials. The difference can only be explained by the flow
in a single-crystalline metal, Nb, using 700 keV *XeTh_e of mass to the surface. In fcc metals, however, the relaxation
results for the evolution of stress are shown as a function ofolyme of the interstitial is nearly 10 times larger than that
irradiation dose in Fig. 10. Initially the film is under slight 5, 4 vacancy(2 times larger if the vacancy is in a lopp
tensile stress, arising from the differential thermal eXpa”SiO'tonsequently, the stress has not changed in this case even
of Nb and sapphire during cooling from the temperature atnough mass does flow to the surface. For the 100 eV recoils,
which dislocations become immobile to the ambient tem+qr \yhich thermal spikes do not occur and there is little loss
perature. Similar to our other irradiations, the ion beam doegs 5toms to the surface, the stress, in fact, increases. The
not penetrate through the film. The irradiation does not leagyperiments, however, clearly illustrate that tensile stresses
to stress relaxation in this case, but rather to a nearly lineag,e created. There are two important differences between the

intensification of stress with dose from a small initial tensile gy eriments and the simulations, the doses and the recoil
stress 0f-0.05 GPa to a stress of —0.38 GPa at a dose of energy. For the Xe irradiations of Nb, significant stresses

1.0 10' cm~2. No indications of saturation are observed. develop only after a dose of Q0" cm™2, or ~10 dpa
This behavior can be partially understood by estimating th?assuming a displacement energy of 25 ,eWhile the simu-
saturation stress using Ed4): We obtain a value of |ation events produce a total e£0.02 dpa. Thus, we can
~—3.2 GPa. Since this value is much larger than the valugypect the imbalance between vacancies and interstitials to
measured at the highest dose, it appears that the sample {gerease with continued bombardment. The second differ-
mains far from saturation even at our highest dose. AF'_Vlence is the recoil energy. For 700 keV Xe ions, the thermal
measurements of the surface morphology do not show sigspikes extend some tens of nm and this enables flow to the
nificant dewatlc_)ns from an atomically smooth film, either g\;iface over longer distances. Although the importance of
before or after ion bombardment. this effect is more difficult to quantify, it is clear that the
larger melt volumes will increase the flow of atoms to the
surface relative to creation of Frenkel pdifs.

As a model system for simulating irradiation-induced It is interesting that the simulations on CuTi and AgNi did
stress modifications in single-crystalline metals, we selectedhow the creation of tensile stresses at similar doses as em-

B. Simulations and discussions
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although in the case of crystalline samples, such as polycrys-
talline columnar Zr, the growth history of the film can define

a reference state, which is eventually reached due to crystal
lattice constraints. The contribution of mass flow to the final
stress state can be estimated by a simple model based on
thermal expansion during resolidification of the melt.

The development of the stress state in an irradiated metal
at lower doses is more complicated and depends sensitively
on the microstructure of the system. For amorphous alloys,
the behavior is rather simple, as the system undergoes New-
tonian viscous flow so that any gradients in the stress state
are quickly relaxed. Nanocrystalline materials appear to un-
dergo similar behavior, although the greater complexity of

vacancies —> tensile stresses the microstructure introduces other considerations in the ki-
) ) o o netic response, such as grain growth and grain rotation. In

FIG. 11. Point defect creation within a collision cascade deter-both cases, however, relaxation of the condition of conserv-
mines the stress modification of single-crystal films during ioning lattice sites enables viscous flow.
bombardment. The response of the single-crystalline sample is also
rather simple. The constraint of the crystalline lattice pre-

ents changes in stress in the bulk material, other than a

“IEn

penetration depth

ployed for Cu. For amorphous CuTi, however, it has bee
shown that the creation of a *Frenkel pair” by a recoil event small contribution arising from the production of point de-

heTs zero netl volum]fa change, .smce; addlngdan atom hasfé‘cts. Thus, the stress state in single-crystalline materials is
;?Oarﬁaﬂgg ;Orglr;]fatci)or?r\]/%h?:gzlgf \;oeumtg an rerrsovmg a?determined principally by the flow of mass onto the surface
gative oné alomicC VOly, 1 1he creation of tensile stress. Polycrystalline materials
. . " rrbresumably behave similar to single crystals, except in the
pensa}ted by a Iarger_rela_\xanon volume of an interstitial atf)r.ncase when the structure initially has a depth-dependent stress
For NiAg, the grain size is less than 2 nm, and therefore, it IState as is the case for columnar Zr. Here. the process of
likely that any created interstitials would be immediately IOStmeItiﬁg and refreezing appears to act. like Iiduid phase epi-

to a grain boundgry, yvhere its relaxation volume is certainlytaxy with the film acquiring the stress state of the sample at
reduced. Thus, in this case also, the loss of atoms to thﬁﬁe penetration depth of the implanted ions

surface would not be compensated by the large relaxation While the transient and final stress states in irradiated

volume O.f a small number of interstitials. L metals depends on the initial microstructure of material, we
The picture that emerges for stress modification by cas-

des in sinal | fil . ized in Fi can conclude, however, that in all cases stresses changes de-
ca els |ndsmg e-cré/slta ims 1S summarized in .F'g' 11. A(tjrive from the kinetics of the melting and refreezing behavior
Very low doses and low temperatures, compressive strgss 6h the nanomater scale of a thermal spike.
velops owing to the creation of Frenkel pairs. At higher
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