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Retardation of O diffusion through polycrystalline Pt by Be doping
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A serious problem preventing the use of high dielectric oxide mateggads, barium-strontium-titanatéor
capacitors as part of future dynamic random access memory is the oxidation of or the O diffusion through the
electrodes. Platinum electrodes do not oxidize, but they allow for rapid O diffusion through the Pt film while
the dielectric is deposited and annealed. This causes unwanted oxidation below the Pt film. Using first-
principles electronic structure calculations, we first determine the O diffusion mechanism in polycrystalline Pt.
We find that O diffuses as interstitial O along the grain bound&) that we study. The calculated barrier is
compatible with the experimental estimate. We screen nine elements for their potential to retard O diffusion if
added to the Pt in small amounts. Beryllium is the most promising candidate. Be segregates to Pt GB'’s at
interstitial and substitutional sites. As GB interstitial Be diffuses at a rate comparable to that of O and it repels
O. This leads to a stuffing of the GB. As substitutionally absorbed Be, Be has a high diffusion barrier, and it
forms strong bonds to O. Thus O is trapped in the GB. Preliminary experimental results confirm our theoretical
predictions[S0163-18209)01923-7

[. INTRODUCTION 270-eV cutoff as tests with a 396-eV cutoff show. The cal-
culated Pt lattice constant is 3.992 A, 1.0% above the experi-
A large number of materials issues are related to interdifmental value, which is typical for a well-converged GGA
fusion in polycrystalline materials. Examples are corrosiongcalculation. Earlier calculations of O/Pt surface systems us-
dopant diffusion through poly-Si, and Cu diffusion throughing a very similar theoretical approach to that taken here
barrier layers or along grain boundaries and interfaces duringave results in good agreement with experinfent.
electromigration. In most cases interdiffusion has detrimental To model grain boundarig&B) in polycrystalline Pt, we
consequences, and therefore measures are developed to cohese the>5(310) 001] symmetric tilt GB. The tilt axis is
trol interdiffusion? in the[001] direction, and the GB plane is ¢810) orienta-
Here we are concerned with the diffusion of O from high-tion. TheX5 GB has been chosen because a number of stud-
k dielectrics through Pt electrod&s! High-k dielectrics like  ies exist using it as a model and because it contains a fair
barium-strontium-titanate are investigated as materials thatumber of different voids and differently coordinated atoms
increase the capacitance of integrated capacitors, e.g., in dyepresentative of grain boundaries in genérat.Obviously,
namic random access memor{&RAM'’s), at constant leak- experimental polycrystalline Pt films contain a large number
age current between the electrodes. These dielectrics are daf- other grain boundaries, also areas where different GB’s
posited and annealed at temperatures of around 600°C ateet, and additionally there will be nonuniform stresses that
high O partial pressure. Under these conditions, almost evergffect diffusion along grain boundaries. It is to be expected
electrode material oxidizes thus increasing the oxide thickthat O diffusion or dopant segregation in a Pt film is affected
ness and reducing the capacitance. Platinum is used in elely the film’s microstructure, which is largely unknown. The
trodes because it does not oxidize. The problem with Pt isegregation and diffusion energies calculated here only
that O diffuses through the Pt film during oxide depositionsample the huge variety found in a real Pt film. Comparison
and subsequent anneal, which causes oxidation of the matedth experiment will show if our choice is representative.
rial below the Pt film. To construct thet5 GB, we use twa310)-oriented slabs
in an orthorhombic supercell without vacuuisee Fig. L
The cell dimension in th¢310] direction is optimized with

all the Pt atoms allowed to relax. TH801] and[130] di-

All the theoretical results reported in this study were ob-mensions of the cell are determined by the calculated Pt lat-
tained using the efficient first-principles total-energy codetice constant. In th¢001] direction the cell consists of two
VASP (ViennaAb initio Simulation Package We use the layers. Four-layer calculations give qualitatively the same
generalized gradient approximati@®GA) for exchange and results in the cases tested. The whole GB model contains 36
correlation® Electronic wave functions are expanded in aPt atoms. We sample the Brillouin zone of our supercell
plane-wave basis. The atomic cores are represented by ultrasing a speciak-point mesh® with two ticks in the[001]
soft pseudopotentidishat allow for a reduced plane-wave direction and one in the two other directions. Electronic
basis set. For example, we find that energy differences fostates are occupied according to a Methfessel-Paxton distri-
systems containing O atoms are practically converged with aution with a smearing width of 0.2 e¥/.

Il. THEORY
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FIG. 1. Structure of th€310) GB plane. Left: view along the tilt
[001] axis; right: the in-plane unit cell with its two symmetrical

halves is indicated. 02 | ',_‘ R f,--fij S "i'_"f:, . ]

Energy relative to first geometry (eV)

The binding energy of dopants in bulk Pt, substitutional or T ' R

interstitial, is calculated using a rhombohedraIRt cell and 0
. 3 .

a2 k-point mesht The PgX alloy phase is modeled by Hyperdistance along path (A
replacing a Pt atom in a four atom conventional Pt-fcc cell
(6% k points. The lattice constant for each alloy phase is FIG. 2. Spline interpolation of the total energy along the diffu-
optimized. All binding energies quoted in this paper are withsion path of O diffusion in thé 130] direction of the GB(solid
respect to the spin averaged free atom within GGA; thusine). The dashed line indicates the path at an early stage of the
only quoted binding energies for the same species can beptimization. The length in 3N dimension of the diffusion path
compared directly. The overall error margin in the calculatedncreases as the path deviates from the initial linear interpolation.
numbers is difficult to quantify. From our own convergence

tests and from published theory-experiment comparfsse,  these methods fail like in atomic exchange processes or for

expect that binding energy differences are typically off bydopant diffusion in semiconductot§.
less than 0.1 eV.

Nudged elastic band method to determine diffusion paths lll. OXYGEN DIFFUSION

Important for our study is the use of the nudged elastic It has long been assumed but never firmly established that
band(NEB) method® to determine accurately minimum bar- O diffuses along grain boundariésTo determine the O dif-
rier diffusion paths. The NEB method begins with the choicefusion mechanism from theory we first have to find the pref-
of the initial and the final geometry, typically local minima. erential site for O in Pt. The calculated binding energy for
Then a chain of geometries interpolating linearly betweerthe O, molecule is 4.91 eV per O atofi.The most stable
the initial and final geometry in the 3N-dimensional hyper-site for O in fcc Pt is the tetrahedral interstitial with a bind-
space is defined. This initial chain is iteratively optimizeding energy of 3.45 eV. In polycrystalline Pt interstitial sites
such that upon convergence the chain of geometries trackst GB’s are the most stable. At til5 GB we find binding
the minimum-energy path connecting the initial and finalenergies up to 4.60 eV. Thus O in Pt strongly segregates to
configuration(see Fig. 2 In each iteration first the ionic GB'’s. In agreement with experiment our results indicate that
forces for each geometry are calculated. Then the tangentifdt does not oxidize and even the O in GB’s is unstable with
component of these forces, i.e., the component that pointespect to the formation of gaseous.t®
along the chain in 3N dimensions, is removed. The resulting Diffusion of O involving sites in bulk Pt has a high acti-
forces are used to update the atomic positions. The optimivation energy of at least 2.64 eV for the two mechanisms we
zation of the diffusion path ends when all components of theconsider® To diffuse through bulk Pt, O first has to move
modified forces are below a preset limit. The NEB procedurdrom the GB to a bulk site that costs 1.15 eV as bulk inter-
ensures that the chain tracks the minimum-energy path withstitial or 2.17 eV as bulk substitutional. For O interstitial
out cutting corners and without the individual geometriesmigration, one has to add the tetrahedral-octahedral energy
bunching around energy minima along the path. difference of 1.49 eV. Substitutional O likely migrates with

An advantage of the NEB algorithm is that it is intrinsi- the help of a Pt vacanéythat has a calculated formation
cally parallel making optimal use of modern computers. As aenergy of 0.73 eV.
refinement of the basic NEB method, we interpolate the en- To calculate the diffusion barriers for interstitial O in the
ergy along the path between the individual geometries usinGB, we use two different techniques. In the traditional ap-
splines and the tangential projection of the 3N force on eaclproach we determine the potential-energy surfdeS for
geometry(see Fig. 2 The spline construction allows us to an O atom moving within the GB. This is done by calculat-
reduce the density of geometries along the path about thre@g the total energy of the GB system with an O interstitial
fold at constant accuracy, and it indicates more reliably if afixed at the points of a rectangular @ grid spanning the
refinement of the chain is necessary. irreducible (310 interface cell. The O’s coordinate perpen-

The NEB is a very robust tool to determine diffusion dicular to the GB plane and the position of most of the Pt
paths. It can be conveniently used for all diffusion problemsatoms are relaxed at each mesh point. Four Pt atoms distant
where traditional “atom dragging” and &d hocreaction to the O are fixed to prevent a rigid translation of the Pt film.
coordinate” approaches work. However, it even works whenThe resulting PES, Fig. 3, indicates one main minimum at
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Do=10"3 cn?/s andkgT=0.025 eV. Solving Eq(1) for

Ep results inEp=0.8 eV. The error margin for this estimate
is at least 0.2 eV. We conclude that the calculated diffusion
barrier of 0.68 eV is compatible with experiment.

[001]

N 5 : 5 5 10 IV. OXYGEN DIFFUSION BLOCKING SCENARIOS

[-310] In this study we try to identify dopants that, when added

FIG. 3. Potential-energy surfad®ES for O in the 35 GB to a Pt film, reduce th_e diffusion qf O through the_Pt film
corresponding to the lower rectangle in Fig. 1. The contour spacin nough that the 0X|df’m0n of material below the Pt IS at tOI'.
is 0.2 eV. The PES is calculated on ax16 mesh corresponding to .rable levels. Potential dopants have to meet certain condl—
a6.312 Ax1.996 A cell. tions. For example, the dopant element should have a high
melting point so that sputter targets can be produced easily.

coordinate (5.5,4.5, at least one secondary minimum at Also, the dopant should not form a volatile oxide. From the

(9,4), and a clear diffusion path in tH@01], i.e., the short ~€lements that pass these preconditions we choose Be, B, Mg,
direction with a barrier(at 5.5, of about 0.7 eV. In the T V. Cu, Rh, Ta, and Ir for further investigation.

[130] direction the O has to cross at least two saddle points, We now discuss scenarios in which the O dlffu.smn. IS
The highest saddle is é,4.5 and appears to have a barrier feduced by dopants. Based on the fact that the major diffu-

of about 0.9 eV sion path for O is along Pt GB's, it is an obvious condition

Application of the NEB method leads to a more accuratefor the dopant that it segregates to the GB instead of staying

determination of the O diffusion barriers in tB GB. In bulk Pt, alloying with Pt or precipitating. Only if the dop-

DOn oo ._ant is at the GB can it affect O diffusion along GB%A
the[001] direction the barrier is 0.68 eV and the saddle pOIntfurther condition is that the dopant level can be adjusted such

at the mirror plane at coordina(6.5,1. In the[130] direc-  that all GB's in the polycrystalline Pt film are filled with just
tion we identify two saddle points with almost the same bar{ nqder a “monolayer” of dopants. Monolayer here is loosely
riers: 0.68 eV at1,3 and 0.67 eV af8,2). Note that the low  gefined as a continuous layer of the dopant dense enough
barrier at(8,2) is not obvious from Fig. 3. Also, the full g,ch that a diffusing O atom in the GB is usually within a
variability of the energy along the diffusion path in §30]  bond length of at least one dopant atom. Only if a uniform
direction is not reflected in the calculated PES. The NEB idayer like this is stable can all the O diffusion channels in the
more reliable in predicting diffusion path and barriers. GB be blocked. A clustering of the dopant in the GB is not
It is surprising that the diffusion barriers are practically desirable.
the same in the two main directions in the GB. Diffusion A dopant at the GB can reduce O diffusion as interstitial
along the tilt axis is expected to be faster than perpendiculasr substitutional species. If the dopant prefers interstitial sites
diffusion because of its channels for interstitial diffusi8ft?  and if it diffuses more slowly than the O, it will block the O
Our results show that this is not generally the case. Also, theiffusion by “stuffing” of the GB. If instead the dopant and
fact that we find three saddle points with practically the samehe O form strong bonds, O diffusion can also be suppressed.
energy indicates that O diffusion in GB'’s, which always in- The additional condition is that the O-dopant complex is less
volves breaking and forming of Pt-O bonds and “squeez-mobile than O alone.
ing” through narrow openings, might be characterized by a If the dopants prefer substitutional sites at the GB, then a
small variation of energy barriers. This would justify our slow diffusion of the dopant is almost guaranteed. Diffusion
restriction to study one type of GB only. of substitutional species in close-packed materials typically
involves vacancie$ Calculated vacancy formation energies
Analysis of the experimental O diffusion rate determination at the P25 GB range from 0.72 eV to 1.08 eV. Adding the
vacancy migration barrier of about 1 eV, results in a diffu-
sion activation energy of at least 1.5 eV. The immobile dop-
ant will, if its interaction with interstitial O is sufficiently
different from the Pt-O interaction in the GB, reduce the O
diffusion. If the dopant is more attractive for the O, the dif-
fusing O gets trapped at each dopant site, and it costs extra
energy for the O to diffuse away from the dopant. If instead

— — 19 H H
fTIn];O espggglf)} %ing(rjllsni?y cc))? éhg'smlﬁg?;téggg;zeﬂcteh?n(I;Ethe dopant-O interaction is effectively repulsive, diffusing O
cates that GB diffusion is the dominant diffusion mechanism.atoms get trapped at sites with no dopant neighbors.

To compare with the calculated value, we estimate an O
diffusion barrierEp from the experimental diffusion rate V. DOPANT SEGREGATION

It is not clear if diffusion along th&,5 GB is representa-
tive of O diffusion in poly-crystalline Pt. Thus we compare
our results to experimental findings. In the most careful
study of O diffusion through nanocrystalline Pt films,
Schmiedlet al. determined the diffusion rate of O at room
temperaturé! The measured value is aboutD

D=Dge Eo/keT, (1) To reduce O diffusion at GB’s, dopants should segregate
to Pt GB’s rather than stay in the Pt bulk matrix, form a
The grain size of the Pt films grown by Schmiestlal. is  Pt-dopant alloy, or form a pure elemental phase. If the dop-
about 100 A. This means that only about 1/100 of the area ofint preferred sites in bulk Pt, the necessary dopant concen-
the film allows O diffusion. Thus the diffusion rate in the GB tration to affect O diffusion at the GB would be too large.
is 10 17 cm?/s. We assume a typical diffusion prefactor The formation of the Pt-dopant alloy phase or of the pure
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TABLE I. Binding energy of dopants as elements and at different sites in Pt. The energy reference is the spin-averaged free atom in
GGA. The elemental phase is,@r oxygen(Ref. 18§ and the pure bulk phase for the other elements. For substitutional absorption, we
assume that the removed Pt atom gains the Pt-bulk cohesive energy. Atomic radii, i.e., half the interatomic distance in the element, should
be compared to 1.37 A for Pt.

O Be B Mg Ti \% Cu Rh Ta Ir

Pure element 491 3.74 5.76 1.52 7.74 8.9 3.77 7.17 11.77 8.71
PtX 1.92 4.72 4.79 3.93 10.85 10.39 4.25 7.18 13.89 8.40

Substitutional 2.43 491 4.58 4.04 11.67 11.31 4.23 7.15 15.45 8.47
Oct. interstitial 1.96 3.98 7.14 1.00 6.86 7.33 0.37 2.37 9.54 3.45
Tet. interstitial 3.45 2.43 6.04 —2.48 5.90 6.52 -1.10 0.74 8.16 1.70

GB substitutional 3.97 5.33 7.10 3.98 11.63 11.26 4.07 7.15 15.37 8.56
GB interstitial 4.60 5.69 7.83 2.96 10.44 10.48 3.24 6.08 13.72 7.40
Atomic radius (0.60 111 0.80 1.60 1.45 1.31 1.28 1.35 1.43 1.36

dopant phase would consume the dopants at the Pt GB’s, amhly the seven larger elements are stable at substitutional
it would lead to changes in the Pt film microstructure. sites. The size model even helps to predict which of the
To check which elements segregate to Pt GB’s, we calcudifferent substitutional sites at the GB is more stable. Some
late the binding energy in the stable elemental phase, in 8f the Pt atoms at the GB are under compressive, others
fictitious Pt-dopant alloy, substitutional and interstitial in a under tensile stress that can be inferred from the different
Pt bulk matriX, and at different substitutional and interstitial average bond |ength and coordination of Pt atoms at the GB.
sites at the Pt GBsee Table )l All geometries are fully Consequently, larger atoms prefer to replace Pt atoms under
relaxed. The alloy phase consists of a repeated four atofgnsjle stress and smaller atoms those under compressive
conventional fcc unit cell containing three Pt and one dopanitress. The smaller atoms, O, B, and Be, are up to 2.3 eV
atom. Its lattice constant is optimized. Only the binding en-more stable substituting Pt atoms under compression at the
ergies for the most stable out of five substitutional and thregsp than at substitutional sites in Pt bulk. For the elements
interstitial sites at the GB are listed in Table I. For 0O, B, andthat are more similar in size to Pt, the ava”abi”ty of com-
Be a more complete search for stable interstitial sites hagressive and tensile substitutional sites is much less impor-
been done. tant. In our sample the variation in binding energies at dif-
All binding energies correspond ®=0. Entropy effects  ferent substitutional sites at tH&5 GB ranges from about
at finite temperatures should be considered. However, this ig.5 eV for Mg, Ti, and Ta to 0.1 eV for Rh. This is a much
computationally demanding, and we do not expect that inclusmaller variation than found for O, B, and Be.
sion of entropy changes our results drasticafy. The stress of Pt atoms at the GB also influences the va-
Both Be and B strongly segregate to the grain boundariegancy formation energies at GB. They vary from 0.72 eV to
and are therefore candidates for O diffusion retardation. Thg 08 eV. Removing a Pt atom under compressive stress gen-
most stable site for both is a GB interstitial site like for O. era"y costs less energy than removal of an atom under ten-
For Be the most stable GB substitutional site is a close SeGjle stress. Surprising|y, the smallest vacancy formation en-
ond being only 0.36 eV higher in energy. For Mg, Ti, V, Cu, ergy at the>5 GB is only slightly below the bulk Pt value
Rh, Ta, and Ir substitutional sites are at least 0.8 eV mor%_73 e\b_ If vacancy formation at the GB would cost Sig_
stable than interstitial site at GB’s. In bulk Pt the diﬁerencenificanﬂy less energy than in the bulk, we would expect that
is at least 1.6 eV. some of the substitutional dopants Mg, Ti, V, Cu, Rh, Ta,
The preference for interstitial or substitutional absorptiongng Ir clearly segregate to Pt GB's.
can be rationalized as a Consequence of the size of the dOpant Our resu'ts on segregation agree W|th the genera| obser-
atoms(see Table)l Boron is the smallest element studied. yation that low concentrations of dopant atoms that are simi-
The oxygen is partially ionic in Pt; thus its radius is in be-jar in size to host atoms prefer solid solution to
tween the atomic radius 0.60 A and the ionic radius 1.38 Asegregatioﬁ:lz We note that our prediction that Ti does not
Beryllium is the largest member of the “small” group. The segregate to Pt GB's provides an explanation for a recent
rest of the dopants have atomic volumes at least 50% larg@xperimental result. Grill and Brady attempted to reduce O
than that of Be. The interstitial sites in bulk Pt are too smallgjffysion through Pt films by alloying the Pt films with up to
for all but the smallest elements, O and B. GB’s have moreso, of Ti2 However, the Ti had no measurable effect on the
spacious interstitial sites so that larger atoms like Be are stily diffusion. Our study indicates that the Ti concentration at
stable. Note that O, B, and Be prefer quite different intersti+he Pt GB’s was too small.
tial sites at the GB based on their size and their preferred
coordination. The O minimum is #6.5,4.9, the one for B is
at(4,2), and the one for Be 4%,6). This shows that a careful V. BORON EEFECT ON OXYGEN DIFFUSION
search for the minimum-energy interstitial site at the GB has IN PLATINUM GB
to be done for each dopant.
At substitutional sites the situation is reversed. The Our results show that B segregates strongly to interstitial
smaller elements O, Be, and B cannot fill in the void a re-sites at Pt GB’s. B interstitials at the5 GB are 0.65 eV
moved Pt atom(atomic radius 1.37 Rleaves behind, and more stable than B interstitials in bulk Pt that results in a
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segregation coefficient of about 10000 at 600 °C, a typical ToO get a more complete picture of the Be effect on O
annealing temperature. diffusion at Pt GB’s, we also consider clusters of nearest-
According to the scenarios discussed in Sec. IV, B could1€ighbor substitutional Be atoms at GB’s and their interac-
reduce O diffusion in Pt GB’s if it or a stable B-O complex tion with O. GB substitutional Be atoms attract or repel de-
diffuses more slowly. We performed a number of NEB runspending on the configuration. A limited search indicates that
to determine the B diffusion barrier in the GB. B migration is Be atoms like to have at most one Be nearest neighbor. At
fastest in thg001] direction at a barrier of 0.54 eV. The B higher concentrations the Be atoms rather dissolve into bulk
diffusion barrier is thus 0.14 eV lower than the O diffusion Pt. Oxygen stabilizes pairs of substitutional Be at the GB by
barrier. occupying the bond center site between the two Be atoms.
The B-O interaction in the GB is strongly repulsive at The most stable such configuration consists of two Be atoms
short distances and levels off at larger distances. Thus theféplacing two Pt atoms under compressive strain that directly
is no stable B-O complex in the GB. Consequentially B will face each other across the GB plane. The O atom bridges
not affect the O diffusion much. Most likely O exposure of between the two Be atoms. This configuration is 1.28 eV
B-doped Pt films will cause out diffusion of the B from the more stable than having the two Be and the O at the most
GB to form B,O; at the Pt film surface. After most of the B stable isolated interstitial sites. The breaking of the bonds of
is consumed, O will diffuse along the almost B-free GB’s of the O with its two Be neighbors, which is necessary for O
the Pt film. This analysis is compatible with the findings of diffusion, costs at least 2.53 eV. Thus interstitial O and sub-
Grill and Brady? alloying of Pt films with up to 3% of B  stitutional Be can form very stable and immobile complexes.
does not change the O diffusion through the Pt significantlyThe complexes can be viewed as the initial stages of the
formation of the even more stable Be-O with its calculated
VIl. BERYLLIUM-INDUCED RETARDATION binding energy of 14.44 eV per Be-O pair. The formation of
OFE OXYGEN DIEEUSION IN GB Be-O complexes is activated and it is most likely at high
temperatures and high Be concentration. Be-O complexes
Be segregates to Pt GB’s and is therefore a candidate teave the potential of quadrupling the O diffusion barriers in
retard O diffusion. To investigate if Be actually works we Pt GB's if they are formed at a large enough concentration.
have to determine the energetics of Be diffusion and of the
Be-Be and Be-O interaction for interstitial and substitutional
Be. We will first focus on the GB interstitial Be since it is VIil. Be IMPLANTATION INTO Pt AS AN OXYGEN
0.36 eV more stable than the substitutional Be at low Be BARRIER AT 500°C

concentration. _ o To test the effectiveness of Be as an O diffusion barrier in
Interstitial Be at the>5 GB experiences a migration bar- py fjjms we implant between 1-2 at. % Be into a Pt film that
rier of 0.70 eV in thg 001] direction as determined b_y a set has been sputter deposited on a W-covered, 880 wafer.
of NEB calculations. The barrier for motion in tHd30]  Oxidation of the W layer in subsequent air anneals can be
direction is 0.70 eV for the part of the path we investigated detected using x-ray diffraction and is used to indicate O
With an additional interstitial or substitutional Be per GB diffusion through the Pt film.
cell the barrier increases. A substitutional Be increases the The Pt is sputter deposited at about 400 °C to a nominal
barrier for interstitial Be to about 0.8 eV caused by a smalkhickness of 100 nm on a substrate consisting of 450 nm of
repulsive interaction. An extra interstitial Be leads to a largerchemical vapor deposition W on a TiN adhesion layer on
increase because of a stronger short-range repulsion betwegip, /Si. The Be implant is performed at 40 keV and 7 deg
the two interstitial Be atoms. To quantify the barrier increaseilt with a dose of 16° cm™2. For comparison we prepare an
requires the study of a large number of paths that has nq§ientical wafer without the Be implantation. Each of the two
been done here. Our analysis shows that at low-concentratioiafers are preannealed at 600 °C in a carefully controlled Ar
Be GB diffusion barriers are only slightly higher than thoseambient for 30 min prior to the 5 min oxidation heat treat-
for O. At hlgher Concentrations, i.e., when Be-Be interac-ment at 500°C in open air. X_ray diffraction ana|ysi5 re-
tions become important, Be diffusion barriers increase. vealed WQ peaks in both samples. The W@110 peak
The interaction between interstitial Be and O is repulsive.counts of the Be-implanted sample are 3.1 times smaller than
The repulsion energy is about 0.5 eV at neighboring locathose of the Be-free sample. This result indicates that Be
minima and about 0.1 eV at second nearest-neighbor SitQﬁwplantation indeed delays the diffusion of, @rough Pt.
depending on the detailed configuration. The O-Be repulsion The implant experiment is not an ideal test of the Be
hinders O diffusion. The vicinity of a Be atom increases theeffect since it is not clear how much Be is able to segregate
O diffusion barrier between 0.03 eV and 0.23 eV for the Otg the GB’s. Substitutional Be in bulk Pt diffuses very slowly
diffusion paths studied. with a diffusion activation energy of above 2 eV in a va-
The interaction between substitutional Be and O iscancy assisted mechanism. This estimate is based on our
strongly attractive. With one Be at the most stable substituga|culations and experimental numb&r€ven bulk intersti-
tional site in the X1 GB cell, we calculate the O binding tja| Be, which is produced by implanting, has a calculated
energy at seven different sites in the vicinity. At the newdiffusion barrier of 1.55 eV. Thus only a small amount of the
global minimum the O is 0.90 eV lower in energy than at thejmplanted Be can diffuse from bulk sites to the Pt GB at the
most stable site at the GB without Be. The diffusion barrierannea"ng temperature of 600 °C. As discussed before, the O
of O in the[001] direction is increased from 0.68 eV to 0.81 diffusion retardation effect should increase with the Be con-
eV. In the[130] direction the diffusion barrier is above 2 centration and hit a maximum close to a “monolayer” of Be
ev. in the GB plane.
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IX. CONCLUSIONS species than the host, the interdiffusion is hindered by site

This study proposes a first-principles based model tha?IOCkm? c;r by tfratﬁplng. In ?" tcatf]es (t;hs I’(?I_IS ant. optlm?r:n
predicts that Be doping of polycrystalline Pt films reducestoncentration ‘ot the dopant at the - 10 optimize the
the O interdiffusion. Our experimental results support themanufacturlng of the doped f|lm \.N'th respect to microstruc-
model. First principles based modeling not only helps to un-tuhre” and dopant concentration is mostly an experimental
derstand fairly complicated processes like interdiffusion in¢ fill_henge. i ber of i hich modeli d
polycrystalline materials but also shows the way to engineer. Ier_e aref st %F]Jf“m ero Es_ues onw ICI mod €ling an
measures to reduce the detrimental interdiffusion by adding gimulation of interdiffusion could improve on. In order to get
dopant to the Pt film. This significant step forward for mod- real segregation coefficients or _d|ffu5|_on rates, we will r_]ave
eling is made possible by advancements in first principleg.0 perform free.-energy calculations, i.e., include the vibra-
codes(e.g., VASB,® which now allow us to calculate large tional and conflgL_JratlonaI entropy. We also need_ to know
systems containing “hard” elements like O and Pt effi- more about the microstructure of the film and how it evolves
ciently and accurately. Parallel computers facilitate the stud ;;[h lt(emp?rgture anlt(jj urlllder ';he mﬂuenlce Or]:. tEeGg?pants.
of the hundreds of configurations necessary to model rea IS knowledge wou te us, for example, whic S are
world problems. The “nudged elastic band” metfiddl- the |mpo_rtant ones. ThES GB is certainly no_t the o_nly GoB
lows us to calculate diffusion paths in complicated cases. Eresen;_lfr; polycrystalline Pt' Otherﬁ_G_B(??r dlséloc(;i_';:conf

We discuss scenarios in which dopants retard interdiffu!ave different segregation —coefficientsand — diffusion
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