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Transport and reactions of gold in silicon containing cavities

S. M. Myers and G. A. Petersen
Sandia National Laboratories, Albuquerque, New Mexico 87185-1056
(Received 21 July 1997; revised manuscript received 20 Novembep 1997

We quantified the strength of Au binding on cavity walls and in precipitates of the Au-Si molten phase
within Si over the temperature range 1023-1123 K. Also determined was the diffusivity-solubility product of
interstitial Au. These properties were obtained by using ion implantation and annealing to form multiple layers
containing cavities or Au-Si precipitates and then measuring by Rutherford backscattering spectrometry the
rate and extent of Au redistribution between layers during isothermal heating. Results were incorporated into
a diffusion-reaction formalism describing the evolution of the coupled concentrations of interstitial Au, sub-
stitutional Au, Si interstitial atoms, and Si vacancies. Cavities were shown to be effective sinks for the
gettering of Au from solution in S{.S0163-18208)04911-X]

[. INTRODUCTION Au in a more direct manner and at lower temperatures than
. s .. was previously done.
The transport and reactions of Au in Si have been widely The behavior of the Au was modeled using a formalism

investigated for a variety of reasons. This solute is prototyPiy a4 gescribes the diffusion and coupled transformations of

cal of transition metals that occupy both interstitial and subjterstitial Au, substitutional Au, interstitial Si, and vacan-

stitutional lattice sites within Si, and measurement of itS.jes in addition to treating the binding reactions of Au at

transport serves to illuminate the less readily observed diffuzayities and at Au-Si precipitates. Our analysis included two
sion of Si self-interstitial atom.’ In devices, deep elec- chemisorption states on the cavity walls, with the relative
tronic levels associated with substitutional Au are sometimegccupancies of these states depending upon coverage. The
exploited to reduce carrier lifetimes, whereas in other cirmodeling was used first to interpret and analyze our obser-
cumstances, with the Au present as a trace impurity, th@ations. It was then employed to confirm the consistency of
same deep levels are highly detrimerft8lecause of the lat- our parametrizations with earlier, higher-temperature experi-
ter effect, many investigators have studied the gettering ofments that measured depth profiles of substitutional Au re-
Au to controllably introduced sinks within Si; the examined sulting from the in-diffusion of interstitial Au and its ex-
gettering centers include Sj(precipitates and associated change with substitutional éiHaving thus tested the utility
defects’ in-diffusing phosphoru&®!ion-implantation dam-  of the model, we used it to examine the efficacy of cavities
age and implanted impuritiéé;® and cavities formed by @as sinks for the gettering of Au from solution in Si.
implantation of hydrogen or helium and annealifigh® Fi- This quantitative investigation of Au interactions with
nally, Au reacts strongly with the unoxidized surface of Si,cavities builds upon the work of Refs. 1618, which estab-
producing complex reconstructions, and these reconstrudished important aspects of the behavior of the system. Pre-
tions have been extensively investigated on external surfacd&ninary results from the present study were reported
following vapor deposition of Au in ultrahigh vacuurtSee, previously.
e.g., Refs. 20—30 and citations thergin.

In the present work, we examined the behavior of ion- Il. APPROACH
implanted Au in Si that contained nanometer-size cavities o L .
formed by He ion implantation and annealing. Rutherford .The prlnqpa}l objective of our experiments was (o detgr-
backscattering spectrometfRBS) was used to measure the mine quantitatively the strengths of Au binding at cavity

rate and equilibrium extent of two internal redistributions ofwa”S. and W'th'.n t_he eq_u_lllbrlur_n prempltated A'T"S' phase
o - S - relative to mobile interstitial Au in solution. To this end, we
the Au: first, from precipitates of the equilibrium Au-Si

h ¢ ties: and dqf ity | i ion-implanted He and Au into Si and then annealed to form
b hase 0 Ca}/'. |es,dan » Secon ,Iromdone cbaV|_y ﬁyelg_ Od.arhﬂultiple layers containing either nanometer-size voids or
other. Resulting data were analyzed to obtain the binding,,_gj hrecipitates; considerations relating to the creation of

free energies of Au chemisorbed on the cavity walls andpese = microstructural  features have been  detailed
contained within the Au-Si phase relative to Au in interstitial g|sewherd®3132 Rutherford backscattering  spectrometry
solution within the Si lattice. This served to quantify the yas then used to observed the redistribution of Au between
strength of a potentially important gettering reaction. More-the layers during isothermal vacuum annealing at 1023,
over, by illuminating the energetics of chemisorbed Au rela-1073, and 1123 K. At these temperatures, the equilibrium
tive to bulk solution and to the three-dimensional Au-SiAu-Si precipitated phase is molten with a reported Au con-
phase, these studies provided fundamental information nagnt between 60 and 70 at. % Both the rate and the equi-
readily obtained from earlier studies of deposited Au on exdibrium extent of the Au redistributions are related to the
ternal surfaces. Finally, the present ion-beam experimentsinding strengths of interest, and this is the basis of our
determined the diffusivity-solubility product of interstitial determination of these quantities. In the remainder of this
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section, we describe the mathematical formulation of theOrdering of Au has been directly observed on external Si
above relationships and outline more specifically the experisurfaces®-3%and, as discussed in Sec. IV, our findings point
ments that were carried out to exploit them. The discussiomo its occurrence on cavity walls. When the two-phase con-
initially uses simplifying approximations to convey the un- dition is present, the chemical potential of the Au is indepen-
derlying physical concepts, and then turns to the more elabadent of the average wall coverageand

rate mathematical formalism actually used to model the be-

havior of the system. [AU,i]ca=eXP —AG,./KT) for 6=6,, (6)

whereA G, is the binding free energy for the ordered chemi-
sorption. Combining Eqg5) and (6) with 6= 6, yields the

In the case of two layers of negligible width that are ex-relationship
changing Au by steady-state diffusion, the interlayer atomic

flux @ is given by 1/6,= 1+ exp(AGy— AG,.)/KT}. !

A. Simplified treatment of interlayer redistribution

O =([Au,i]1—[Au,i])NsDay,i/AX, 1) The equilibrium three-dimensional Au-Si phase described
where[Au,i] is the atomic fraction of mobile interstitial Au PY EG. (3) is expected to precipitate in cavities when the
in local equilibrium with the bound state in layer 1 ork, adjacent solution concentration exceeds the equilibrium solu-

is the atomic density of SD »,; is the diffusion coefficient Pility, and such precipitation has in fact been obserVed. _
of interstitial Au, andAx is the separation of the layers. [N the present experiments, however, this unwanted compli-

When the system eventually comes to full equilibrium, cation was suppressed by using either of two proce-
dures: in one, the Au-Si phase was formed by Au implan-
[Au,i];=[Au,i],. (2) tation and annealing before the introduction of cavities, so

o ) ) that the solution was not supersaturated during subsequent
The _blndmg strengths of interest are d|rectly_related to_t_h‘°gettering to the cavities: in the other procedure, the total
[Au,i]. For example, when the bound state is the equilib-gyantity of introduced Au was restricted to an amount less
rium Au-Si phase, the corresponding concentration is simplyhan could be accommodated by the energetically favored
the thermodynamic solubility, submonolayer chemisorption on the cavity walls. Our experi-
mental results indicate that these steps were successful, as

(AU ] ausi= XA~ AC ausi/KT). )  Will be discussed in Sec. IV.
In this paperAG is defined as The simplicity of Eqs.(5)—(7) is achieved through sub-
stantial simplification of the probably complex interactions
AG=AH-TAS,, (4)  of Au with internal cavity surfaces. For instance, while the

§redominant facet on the cavity walls hdsl1) orientation,
(100 and (110 facets are also present, and curved regions
e observed as welf:3****Moreover, at least four types of
rdering have been reported for tfEL]) orientation alone,
although this situation becomes simpler at temperatures
above about 1000 KSee, e.g., Ref. 3D.Hence, multiple
pes of ordered chemisorption may conceivably occur on
e cavity walls. Our treatment of random chemisorption at
excess atomic Gibbs free energy of solution; we refer to i#ow coverage 1S qlso approximate, since more than one sur-
ace orientation is present in reality and since direct or

impl he binding fr nergy. . . i )
s F%)r/ :[’:1hset cilsbe Svhgreezuebit?rz/d within a layer Occupiesreconstructlon-medlated interactions among the Au atoms

cavity-wall chemisorption sites, we consider two regimes,may not be ”?9"9."0'9 as z_issumed. While it would be
one of low wall coverage and the other of high coverage; OUPtra|ghtforwarq in principle to incorporate aII. of these effects
treatment of both of these is simplified to the greatest degre@t%tpe fc:_rmal|]:¢,r;rr11 b%c repliur_]g_E;q%)_F (7)%\.' 'th a g‘iﬂeri"
compatible with the experimental data presented in Sec. \/2€d function of the form{Au,i]=1(6,T), this is not justi-

The chemisorption sites are assumed to be saturable, fixed ﬂ?d by the information currently available, in our view. As

number, and of a single type. When the average fractionzﬂqatters now stand, such an elaboration would be attended by
occupat’ion of the sites, is below a threshold valug, that a multiplication of parameters without independently known

depends only on temperature, the sites are taken to be no}@lues. It .iS thgrefore more iIIumingting, we believe, to em-
interacting and randomly occupied; consequently, the chemplo.y the S.'m.p“f'Ed model a_nd consider the extent and nature
sorbed Au behaves as a two-dimensional lattice gas. Th%f its deviation from experiment.

locally equilibrated solution concentration is then given by

whereAH is the enthalpy change when one Au atom move
from the bound state to interstitial solution aadb,, is the

corresponding change in excess entropy. The latter quanti
is defined more specifically as the excess entropy differenc
after configurational contributions arising from the occupa-
tion of multiple solution sites and multiple cavity-wall sites
are taken into account separately and explicitly. In the usag%
of thermodynamicsAG might be termed a relative partial

B. The experiments and their rationale

[AU,i]cay=1{6/ (1~ O)}exp(—AG,/KT) for <6, Making use of Eqs(1)—(7), we now consider the kinds of

®) experiments that can be expected to determk®,,s;,
where AG,. is the binding free energy associated with theAG,; andAG,.. The most straightforward condition to in-
random chemisorption. Far> 6, , the surface is taken to be terpret is one of equilibrium among the interacting layers,
in a two-phase condition, with regions of random chemisorpwhich is described by Eq2) with appropriate substitutions
tion coexisting with ordered islands of chemisorbed atomsfrom Egs.(3), (5), and(6). We previously used this method
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to evaluateAG,, for Fe and Co on cavity walf€ In those  since relative magnitudes would be unaffected, this step was
experiments, a cavity layer of known internal-surface are&onsidered to be warranted in light of the considerable sim-
was allowed to equilibrate with a separate layer containing lification of the discussion. Moreover, revision in the light
large excess of metal-silicide phase with a known value opf future diffusion results would be trivially accomplished.
AG. The value of# for the cavities was then measured, We nevertheless present valuesNo§; [Au,iJaysi Dag,i be-
permitting the binding free energy of interest to be extracteccause of the practical importance of this particular product in
using Eqgs.(2), (3), and (5). In the present studies of Au, controlling the uptake of Au into Si.

however, analogous experiments yieldeés 1, correspond-

ing to saturation of the cavity walls. This serves to demon- C. A more comprehensive description

strate thatAG,=AGp,si, but it does not determine the of Au transport and reactions

value of either quantity. Furthermore, equilibrium between
two cavity layers or between two layers with Au-Si precipi- lis
tates is also not illuminating.

Having reached these negative conclusions, we are le
with the time dependence of the amounts of Au in the inter-
acting Iaye_rs as th_e e_xperimentally gccess_ible property that AU;+V—Au+AGa,y, (11
can quantify the binding free energies of interest. For ex-
ample, when a layer containing Au-Si precipitates gives upr by the endothermic kick-out mechanism,

Au to a nearby layer of cavities with much stronger binding,

The discussion to this point has ignored the well estab-
hed, reversible conversion of Au interstitial atoms to im-
obile, substitutional Ad-’ This effect can occur either
rough exothermic reaction with a vacancy,

the above equations yield AU+ Sist AGp > AustI, (12
®=[AU,i]ausNsDaui /AX where the subscript denotes interstitial sitess refers to
substitutional sitesV is the Si vacancy] is the Si self-
=exXp—AGaysi/KT)NgDay i /AX. (8) interstitial atom, and\G,,,.y andAG,,., are positive bind-

ing free energies defined in analogy with E4).. The vacan-

Similarly, for redistribution between two cavity layers where cies and interstitials are also subject to mutual annihilation,

the wall occupancies are both less thén
©={0,/(1-0:)— /(1 6,)} | +VoAG +AGy, (13

_ . _ whereAG, is the Gibbs-free-energy change associated with
Xexp—AG/KT)NgDpy i /AX. © the creation of a self-interstitial at a specified site Artal, is
Here the redistribution occurs even thou§jis,. is the same  the corresponding quantity for the vacancy. When Au moves
for the two layers because of the dependence of the configfrom a near-surface source into the underlying Si bulk, the
rational component of entropy ofifor the two-dimensional  kick-out process of Eq.(12) is generally found to
lattice gas. Finally, when the redistribution is from a cavity predominaté=’
layer with 6> 6, to a cavity layer withd< 6, In the case of the present experiments, which employed
annealing temperaturess1123 K, simple considerations
®=[exp(~AGa/KT)={0,/(1~6,)} suggest that the formation of immobile substitutional Au
_ ' ‘ should not have importantly influenced the observed inter-
Xexp(—AG/KT)INsD ay,i /AX. (10 layer redistributions. In particular, the solubility of substitu-
With an independently evaluated diffusion coefficient, theseional Au in equilibrium with the Au-Si phase at 1123 K is
three experiments serve to determiA&G,,si AG,., and  NgfAu,s]ausi=1.5X10 cm3,4° which represents an upper
AG,.. This was the approach taken in the present experibound on[Au,s] for our experiments. Hence, within the
ments. 0.025 cm thickness of the Si specimens, the depth-integrated
An important feature of the above interlayer fluxes is thatareal density of Au atoms was 0.4 nni 2. In comparison,
they depend on the products of Boltzmann factors such athe areal densities of Au undergoing interlayer redistribution
exp(—AGa,si/kT) and the diffusion coefficienD,,;, SO ranged from 1.5 to 30 nit. Since the number of Au atoms
that knowledge of the diffusivity is required to extract the moving to the cavity sinks was substantially larger than the
binding free energies from the experimental data. To ounumber that might have gone into substitutional solution, the
knowledge,D 5, ; has not been precisely determined. An ex-influence of the substitutional component on the redistribu-
perimentally based estimate is available, however, and it iion should have been correspondingly small. In presenting
similar to results for interstitial Cu and Ni; the activation this conclusion, however, we emphasize the limitations of its
energies for the three elements are 0.39, 0.43, and 0.47 e¥pplicability. The amount of substitutional Au in equilibrium
respectively, and the corresponding prefactors are 0.024yith the Au-Si phase increases rapidly with temperature, and
0.47, and 0.20 mAts’~° In analyzing the experimental calculations indicate that effects on experiments of the type
data, we employed a representative diffusion coefficient opresented here become important below 1300 K. Further-
Daui=(0.10 mnt/s)exp(0.4 eV/kT), and the resultant more, the substitutional state of the Au is central to its influ-
binding free energies are reported instead of the more dience on electrical properties.
rectly determined products of the diffusivity and the Boltz- In theoretically treating the behavior of Au, we elected to
mann factors. Since even an order-of-magnitude error in thearry out a full, numerical solution of the diffusion-reaction
diffusion coefficient would translate into a shift of only about equations governing the interrelated behaviors of interstitial
0.2 eV in the extracted binding free energies;at0%, and  Au, substitutional Au, Si self-interstitials, and Si vacancies
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rather than using the simplified relationships developed in 25 - - - T -
Secs. Il A and Il B. The employed formalism encompasses
the processes given by Eq&l1l)—(13) as well as the Au
trapping and precipitation reactions underlying E@, (5),
and(6), and it avoids the approximations of steady-state dif-
fusion and negligible layer width embodied in Eq$) and
(8)—(10). This more complete treatment served to confirm
that the neglect of substitutional-Au formation and the other
approximations are, in fact, fairly well justified for the par-
ticular conditions of our experiments. Moreover, it facilitated
a consideration of the broader implications of our findings
for circumstances where the approximations are not appli-
cable, notably including conditions relevant to gettering in Si
electronic devices. The details of the formalism, the evalua-
tion of parameters not determined by the present experi- 0-000 oo o 06 0.5 o e
ments, and the method of solution are discussed in the Ap- ' ' ’ ' ’ ' '
pendix. Apart from the aspects dealing with Au reactions at DEPTH (um)

the cavities, our mathematical treatment generally parallels fiG. 1. Depth profiles showing redistribution of Au from a layer
one reported prewousfi/. containing Au-Si precipitates to a cavity layer.
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ll. EXPERIMENTAL DETAILS nitude smaller than used hefeThe precipitation anneal in
the present experiment was followed by implantation of He

The samples were of float-zone Si with a room- .t room temperature; the dose was 1000 fiand the energy

I/sgsairlalt)u;sit;ezﬁg\?;)?elbkgncm.o-lli-gr?egur;ifjetr?e“et}r?it?l?r?gsswo keV, leading to a concentration peak near OmB. Fi-
. ng p ' ~nally, an isothermal series of vacuum anneals was carried out
was 0.25 mm. lon implantations of He and Au were carried

; at 1023 K, with the Au depth profile being monitored by
out at room temperature in chambers that were turbomoIeCLhBS_ Earlier work showed that cavities form and most of the
lar pumped to a background pressure of10 ° Pa

. He diffuses from the specimen in less than 30 min at this
(~10"7 Torr). Vacuum anneals were performed in a quart b

: tube that i i dt Ztemperature, with the subsequent microstructural evolution
urnace tube that was continuously ion-pumped to a pressurg . .o iviee being slow-%2

; -5 —7

ggaalrs)%z);:emiﬁggtei ;O mg\in(zz %r?ern:nraollr r)é E?I?;Zt:g-tu In Fig. 2, the areal density of Au within the cavity layer of

bular furnace over thg evacuagted tube an{i v?ere terminat [j9- 1 is shown as a functlon_qf anneal time at 1023 K. Also
own are data for two additional redistribution-anneal se-

by withdrawing the furnace, the latter action occupying uences, one at 1073 K and the other at 1123 K, that were

~.2hs.4 Rutherford backs;:azttering analyési?] was carried OUlyried out on specimens otherwise treated identically to the
with "He at an energy of 2.5 MeV, and the concentration-g ot sample. In each case, the transfer is seen to progress

versus-depth profile of Au was extractedsing reported He i oy abrupt saturation at an areal density near 30 Aé/nm
stopping powers in S¥ The possible '”f'“e”C?‘ of thg analy- s instructive to compare this saturation level with the areal
sis beam on the evolution of the depth profile during a S€Hensity corresponding to monolayer coverage of the cavity
guence of anneals was examined by occasionally makin alls; from detailed TEM studies, the latter quantity is
measurements at a new location on the sample; no such e | -2 ¢ o cavity formation anneal of 30 min at 973 K
fects were found. ’

40
IV. RESULTS AND ANALYSIS
A. Redistribution from Au-Si precipitates to cavities 1123 K
30t
The depth profiles in Fig. 1 exhibit redistribution of Au
from an implanted layer containing Au-Si precipitates to an CAVITY-WALL
initially unoccupied cavity layer located at a greater depth 2 SATURATION |

within the specimen. This sample was first ion-implanted
with Au at room temperature to a dose of 160 Hrasing an
energy of 300 keV. Then, before the formation of cavities,
the specimen was vacuum-annealed at 1123 K1fd to
induce precipitation of the equilibrium Au-Si phase. This
step was taken to avoid a possible transient of nonequilib-

rium with an attendant supersaturation of solution during the 0 10 0 0 20 50
subsequent interlayer redistribution. That the treatment was
sufficient to produce the desired precipitation is shown by
earlier studies using transmission electron microscopy FIG. 2. Redistribution of Au from a layer containing Au-Si pre-
(TEM), where 100 min at 1123 K was found to cause Au-Sicipitates to a cavity layer during annealing at three temperatures.
formation even for an implanted Au dose one order of magRepresentative depth profiles are shown in Fig. 1.

-
o

® EXPERIMENT
—— THEORY FIT

Au IN CAVITY LAYER (atoms/nm2)

ANNEAL TIME (hours)
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FIG. 3. Depth profiles showing redistribution of Au from one

] A FIG. 4. Depth profiles showing redistribution of Au from one
cavity layer to another for an implanted Au dose of 31¥m

cavity layer to another at two temperatures for an implanted Au

dose of 14 nm2.
32 nm 2 for an anneal B8 h at1073 K, and 26 nm? for 1

h at 1173 K32 We infer that cavity-wall saturation occurs

when the Au coverage reaches approximately 1 monolayeF'han those of the redistribution anneals. Helium was im-
the observed modest variation of the final areal densit)plantEd at both 30 and 180 keV, the dose being 1000%im

among the specimens in Fig. 2 may then result from differ£ach case, and the specimens were then vacuum-annealed at

ences among the cavity microstructures at the three temper1173 Kfor 1 h. Gold was subsequently injected at 300 kev

tures. A feature of our experiments that leads to such saturﬁ—) one of two nominal doses, 3 or 14 nfy these particular

tion behavior is believed to be the formation of Au-Si phasedoses were chosen to exhibit the cavity-wall binding over a

before the introduction of the cavities; by thereby avoidingWlde range of coverages while maintainifg: 1. Aiter the

supersaturation of solution during the redistribution anneals”m)l":lmatlorl of Au, the interlayer redistributions were in-

: . s duced by isothermal series of vacuum anneals at 1023, 1073
the nucleation and growth of the bulk Au-Si phase within the : . " '
cavities is suppressed. In earlier cavity-gettering studies th nd 1123 K. It may be noted that, by employing this particu-

encompassed the metastable condition before precipitation qreS:g:frg%eC:rg :2”9 ffg\ilelyeﬂnﬁgtﬁ‘;:‘ d;rfgsth\giefgng:
the implanted Au, Au-Si precipitation in the cavities was ; y Precip : .
pronounced’8 absence of solution supersaturation that were emphasized in

The fact of Au redistribution from the Au-Si phase to the Sjghclg @lasmsitr:ISI Slgjigc;?énh?h\’;egceéhm&a%gisglisci)ﬁﬁé
cavities indicates that the binding at the cavities has comp J Py

rable or greater strength. As discussed in Sec. Il B, a mor [rst cavity layer prior to the redistribution between cavity
guantitative conclusion requires analysis of the measured i ayers; moreover, the relatively small amount of Au could be

terlayer flux; this flux is related to the diffusivity-solubility WY accommodated at cavity-wall chemisorption sites with-

_ . _ _ - out formation of the less stable Au-Si phase in the cavities.
2;%?;;?8 [Au,gs/?u;v[;/r\wu'ébg?:xitrr:]ea{t?a tl?l/ E(;/tgzst;mﬁqmsgeféee Hence, there should have been no consequences adverse to
AuSi» . .

IVC, we will make use of this relationship to extract the thethe)zjes(i:::]vﬁzs?frtek:ﬁsfr)i(sjtriI(;Tr]letr)](ta?avior was observed at the
diffusivity-solubility product and the binding energfThe P

curvature of the plots in Fig. 2 prior to saturation, reflecting :101\2;\/5(; dArL(jelgtci)\iSI OIas |8||T] fr (;Ar: tiiegelntth%.iti’irﬁn?aIAirLra f'lgsr:_
a varying interlayer flux not in accord with E@), is due y rapialy P b

S . e : . tation to the nearby cavity layer at 0@m. Then, durin
primarily to the interlayer diffusion distance not being more  extended gnnealizg ysufficien'?nto approachg an

:rsr;rg)?(lee;iveigjiﬁe% :;]é)sdglurc\;?ct;ﬂrlgti\ggls.be seen to conform to theasymptotic_ condition, it_ redistributed betw_e_en the two cavity
layers until an approximately equal partition was reached.
Such equal partitioning is consistent with the final state pre-
dicted by Egs(2) and(5). Equation(5) should apply when
Figures 3 and 4 show the evolution of Au concentrationthe cavity-wall fractional coveragé is <6, and since in
profiles in Si specimens containing two cavity layers; thethis instance the final state correspond#+e0.05, the result
cavity distributions were centered at depths of about 0.3 ani not unexpected.
0.9 um, respectively, with the Au-implanted layer lying near When similar experiments were carried out with the
0.15 um. Of primary interest here is the diffusive redistribu- higher Au dose of 14 nit?, the final partition of Au between
tion of Au from one cavity layer to another, which illumi- cavity layers departed from equality, by an amount that var-
nates the strength of Au binding at the cavities according téed with temperature. This is seen in Fig. 4, where depth
Egs.(9) and(10). In order to promote constancy of the cavity profiles after annealing at 1023 and 1123 K for times suffi-
microstructure during this redistribution, the cavities werecient to reach the asymptotic condition are shown. While for
formed before the introduction of Au at a temperature highethe higher temperature the amounts of Au in the two cavity

B. Redistribution from one cavity layer to another
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FIG. 5. Redistribution of Au from one cavity layer to another at ~ FIG. 7. Redistribution of Au from one cavity layer to another at
1023 K. Representative depth profiles appear in Figs. 3 and 4. 1123 K.

layers are approximately equal, there is a pronounced imbabf ordered Au chemisorption is well known from studies of
ance at the lower temperature. external Si surface® 3 (2) since in the expression for
Within the context of the simplified picture of Sec. Il, we Gipbs free energy the entropy is multiplied by temperature,
hypothesize 'that the above imbalance resplts from Orde”nﬁigher-entropy states such as that of random chemisorption
of the chemisorbed Au atoms on the cavity walls above & jncreasingly favored at higher temperatures, so ghat
threshold coverag@,, as discussed in Sec. Il A. The pro- %r:d hence the amount of Au going to the second cavity layer,
. . . . . ould increase with temperature, as seen in Fi¢3)Avhen
when the AU re5|des_ almost entirely in the first cavity Iayer,the total amount of introduced Au is reduced to the point
0,~0.5. This value is assumed to bed,, so that ordered L
where both#; and 6, are less tharg,, the asymptotic im-

islands of chemisorbed Au atoms coexist with areas of ran: lance between lavers should di ) is observed in
dom chemisorption on the cavity walls. In the second cavit>}3_aa ce between layers shou sappear, as IS observe

layer, 6,~0< 6, , implying no ordering. Consequently, from F_|g. 3. These consiste_ncies lead us t(_) believe thf';\t the above
Egs. (5) and (6), [Au,i];=exp(—AG,./kT) and [Au,i], plctu_re represents a f|r§t app_rom_njatlon to physical real|_ty,
~0. With further annealing, the difference betwddu,i]; albeit one that sqbstantlally sq’nphﬁes the complex behavior
and[Au,i], drives the diffusion of Au to the second layer in Of Au on the cavity walls as discussed in Sec. Il A. _
accord with Eq.(10). This redistribution continues, with a  1he areal density of Au in the second of the two cavity
concomitant rise ifAu,i], according to Eq(5), until 6, Iayers_ is plotyed as a function of anngal time for all of the
reachesd,, whereuporfAu,il;=[Au,i], and the redistribu- €XPeriments in Figs. 5-7. In accord with E¢8) and (10),

tion stops. In this final condition, the first cavity layer has the redistribution rate rises rapidly with temperature as a re-
both ordered and random chemisorption, while the secongult of increases in both ,; and[Au,i];. The imbalance in
layer has only the random state and hence less Au. WhilEhe final partition of Au between the cavity layers is again
this interpretation is inferential, it is reinforced by the fol- @Pparent, as are its reduction with increasing temperature and

lowing considerations: (1) as already noted, the occurrence its absence at the lower of the two Au doses. It is also note-
worthy that the abrupt saturation seen in Fig. 2 for the dis-

solution of the precipitated Au-Si phase is not observed

7 ] T T T 1 . . . . .
T 1'073 K when Au is moving from one cavity layer to another; this is
67 IMPL. DOSE = 13.9 Au/nm? 4 consistent with the continuous approach [&u,i]; and
[Au,i], to each other and the resultant, more gradual de-

5} . crease ind predicted by Egs(9) and (10). The detailed

e EXPERIMENT analysis of these data to obtain binding free energies is dis-
4t — THEORYFIT cussed in Sec. IV C.
3t i

IMPL. DOSE = 3.3 Au/nm?2 C. Modeling and the extraction of binding free energies

The data in Figs. 2 and 5—7 were analyzed by numerically
solving the more complete diffusion formalism described in
Sec. Il C and the Appendix and adjusting the desired binding

0 10 20 30 40 50 680 70 free energies to produce agreement with experiment. The
ANNEAL TIME (hours) resulting values ofAG are listed in Table | and plotted in
Fig. 8. These quantities vary somewhat with temperature,

FIG. 6. Redistribution of Au from one cavity layer to another at which may result from the combined effects @) the en-

1073 K. tropy termTAS,, in Eq. (4), (2) changes in the chemisorbed

Au IN 2ND CAVITY LAYER (atoms/nm?)
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TABLE I. Binding free energies, cavity-trap areal densities, and related quantities.

Quantity TemperaturéK) Value Source
AGpysi 1023 2.33 eV Fit in Fig. 2
AG s 1073 2.34 eV Fit in Fig. 2
AGpysi 1123 2.31eV Fit in Fig. 2
AGpysi 1273 2.26 eV Eq(14) andDa,;
AG, for lower 6 1023 2.45 eV Fit in Fig. 5
AG, for higher 6 1023 2.37 eV Fit in Fig. 5
AGq. 1023 2.55 eV Fit in Fig. 5
AG,, for lower 6 1073 2.48 eV Fit in Fig. 6
AG,, for higher 6 1073 23leV Fit in Fig. 6
AGg, 1073 2.45 eV Fit in Fig. 6
AG,, for higher 6 1123 2.27 eV Fit in Fig. 7
AGy, 1123 2.39 eV Fit in Fig. 7
NslAU,iJausD v 1023 1.8<10° mmtst Fit in Fig. 2
Nsl AU,iJausiD v 1073 6.4<10° mm st Fit in Fig. 2
Ns AU, i ]ausD aui 1123 3.6<10° mm st Fit in Fig. 2
Trap areal density at 0.8m 1023 35 nm? Fit in Fig. 2
Trap areal density at 0.8m 1073 32.5 nm? Fit in Fig. 2
Trap areal density at 0.8m 1123 32 nm? Fit in Fig. 2
Trap areal density at 0.3 and Qu9n All 30 nm? TEM, Ref. 32
o, 1023 0.11 Eq(7)

6, 1073 0.18 Eq(7)

6, 1123 =0.2 Eq.(7)

state with temperatur®, and (3) the specific choice of the Fig 2, steps were taken to assure that the Au-Si phase was
diffusion prefactor discussed at the end of Sec. Il B. Theindeed present, as discussed in Sec. IV A; this matter was
reason for high-dose and low-dose valuesAdB,. being less consequential for the redistribution from one cavity
given is discussed below. The fits in Fig. 2 serve also tdayer to another, since in these experiments the implanted Au
determine the product of the diffusion coefficient and thetransferred rapidly to the first cavity layer. The concentration
solid SOlUb|||ty of interstitial Au, and because this prOdUCt prof"es of Cavity-wa” trap sites used in the model were de-
governs Au transport under many circumstances of techngiyed from the implantation profiles of implanted He, as cal-
logical interest, we include its values in the table. culated using the Monte Carlo range cadem:*? these pro-

In the above model calculations, the initial concentration-fjies were rescaled slightly in depth to conform to the

versusr;dgpth profirlle of ;]heh implafqted Au Waz ‘Equsgg t%\%bserved redistributions of the Au, and the concentration am-
smoothed curve through the profile measured by : litudes were scaled so as to yield trap areal densities con-

Au in the implanted layer was assumed to be in the form %istent with the saturation levels in Fig. 2 or with estimates

precipitated Au-Si phase. In the case of the redistribution 2 s .
. ; . . based on TEM? The trap areal densities employed are listed
from the implanted layer to a single cavity layer shown "in Table I. Both external and cavity surfaces were taken to be

sources for self-interstitials and vacancies, so that the con-

' _e— Au-SiPHASE ' centrations of these point defects remained at their equilib-
26 —O— ORDERED CHEMISORPTION 4 rium values at such surfaces. The remaining parameters in
_ | :ﬁ: Eﬁ“ggm 8:5% h?cﬁ%oossi- the formalism were evaluated from independent information,
3 as discussed in the Appendix.
Va; 25} . The curves through the data in Figs. 2 and 5-7 show the
) | A i results of the fitted model calculations. In Fig. 2, the rate of
i Au accumulation in the cavity layer before saturation is gov-
T 24 \o . erned predominantly bYAG,,s;, since the binding within
(g m! 1 the cavity sinks is sufficiently stronger than in the Au-Si
3 i .><;\. phase to mak¢Au,i], in Eqg. (1) substantially smaller than
23} \ g [Au,i];; consequently, the fitting of this accumulation rate
n| was used to determinkG,,g;. In Figs. 5 and 6, the rate of

003 073 11'23 redistribution from the first to the second cavity layer for the
TEMPERATURE (K) smaller Au dose is mferred to oceur V\_nth _boﬂﬂ and 6, less
than 6,, so that fitting of the redistribution rate served to
FIG. 8. Binding free energies of Au relative to interstitial solu- determineAG,.. The final partition of Au between cavity
tion. layers at this lower dose was not adjustable; sifce 6, and
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the areal density of cavity-wall traps was assumed to be the 1010
same in the two cavity layers, the formalism necessarily pre- =~
dicted an asymptotic condition with one-half of the Au in
each layer. Finally, the curves for the higher implantation
dose in Figs. 5—7 depend in a more complex way on the
interplay of AG,.andAG,.. Sincef;> 6, at this dose, in the
early stages of the redistribution, whénand hencé¢Au,i],

are small, the transfer rate is governed predominantly by
AG,.; at longer anneal times, however, as the increag in
causeg Au,i ], to approach Au,i];, the influences oAG,,
andAG,; on the rate are comparable. Moreover, the fraction 108 L @ PRESENT WORK
of the Au that is ultimately transferred to the second cavity O STOLWIJKETAL.

layer depends on the difference of these quantities threugh 5 _(.2'8x10.20 mm'js’1) e)fp(-3.10leV / kTI)
as given by Eq(7). The deduced values @ for the three 07 0.8 0.9 10
anneal temperatures are given in Table I, with the result at y

1173 K being less well determined because the experimen- 1000/T (K™7)

tally measured partition between the two cavity layers is ap-
proaching equality.

In adjusting AG,. to fit the data obtained at 1023 and
1073 K, we allowed this binding free energy to differ be- stantially from equality at 1023 K, slightly at 1073 K, and
tween the high-dose and low-dose cases. We considered thist detectably at 1123 K; in this case the condition of equal
to be justified in view of the likelihood of multiple types of balance corresponded #=0.23. As discussed in Sec. IV B,
random-chemisorption sites with appreciably different bind-we interpret this asymptotic imbalance as indicating a two-
ing free energies; in the presence of such a range of bindinghase surface condition in the first cavity layer. In compari-
energies, the apparent binding energy would increase wit§on, forg=0.23, the proposed surface phase diagram of Ref.
decreasing as a result of preferential occupation of stronger3p shows the two-phase condition giving way to a single,
sites. A more rigorous treatment would explicitly include ahjgh-temperature, presumably disordered phase at about
range of binding free energies, but, as discussed in Sec. 1,000 K. Thus, both our experiments and the external-surface
we concluded that the available experimental data are inSU%tudies point to an entropy_driven loss of order Occurring in
ficient to support such added complexity. As seen in Table the vicinity of 1000 K.
and Fig. 8, the fitted\G,. do indeed differ somewhat be- A second finding in the present experiments was that,
tween low and high dose, with a higher value at the lowefyhen the total areal density of implanted Au was about
dose as expected; while the difference e0.1 eV corre- 3 nm™2 the final partition between cavity layers was equal
sponds to a shift of only-5%, it translates via Eq$9) and  even at the lowest temperature of 1023 K; in this case,
(10) into a noticeable change in the rate of Au redistribution~0.05 at the end of the experiment. This behavior does not
between layers. conform to the proposedlll)-surface phase diagram at

As discussed in Sec. Il B, our extraction of the blndlng 1023 K, where the disordered, Au_containing phase is pre-
free energies depends on independent knowledge of the difficted to coexist with a Au-free, ¥7 Si surface for
fusion coefficient of interstitial Au, for which pl’ecise data =<0.2. Were such atWO_phase condition present on the Cavi'[y
are unavailable. This, together with the approximation madgyalls, the considerations discussed in Secs. Il and IV would
in the modeling and the experimental uncertainties, are corpredict the applicability of Eq(6), rather than Eq(5), and
sidered to result in an absolute uncertainty of approximately,o redistribution of Au from one cavity layer to another. One
+0.3eV in the reported energies. The relative energies ofjausible explanation for the disparity is simply that the cav-
the various states are believed to be known with Substantia”b{y Wa”S, with facet sizes<10 nm, do not undergo the Very
less uncertainty, about 0.05 eV. The diffusivity-solubility ~ complex and long-range>77 reconstruction that is thought
product of interstitial Au given in Table | has an estimatedto inhibit Au chemisorption and thereby necessitate the co-
uncertainty of=20%. existing disordered phase for accommodation of the Au. In

the absence of theX7 reconstruction, random-site chemi-
V. DISCUSSION sorption of Au_can be _expected to occur over the ertfidel) _
surface, consistent with our experimental results and with

The cavity walls of the present investigation differ signifi- Eq. (5). We conclude the discussion of this still-to-be-
cantly from the external Au-chemisorbed surfaces of earlieresolved matter by noting its particular significance for the
studie€®~* as a result of multiple cavity-wall orientations extrapolation of our results into the regime of very snll
and perhaps also the small size of cavity feature$) nm.  Pending further information, we will treat this regime using
Nevertheless, it is illuminating to consider aspects of ourEg. (5).
findings in the light of a recently proposed surface phase The diffusivity-solubility product determined in this work
diagran?® based on external-surface experiments for thds shown in Fig. 9 together with earlier, higher-temperature
(111) orientation, the dominant one on cavity walfs*3®  results? Consistency between the two sets of data is seen to
We begin by recalling that, when the total areal density ofbe good. This comparison is especially significant in view of
implanted Au in the present experiments was 14 Anthe  the very different experimental approaches taken in the two
final partition of Au between two cavity layers departed sub-studies: we used ion-implanted specimens, and we mea-

NgilAu,ilausi % Day,j (mm

FIG. 9. Product of interstitial-Au solubility and diffusivity from
the present work and from Ref. 2.
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0 100 200 300 400 500 FIG. 11. Predicted time dependence[Afl,s] at 1123 K in the
DEPTH (um) presence of cavity gettering.

FIG. 10. Evolution of[Au,s] in the presence of surface Au-Si tively slow influx of vacancies from the surface contributes
phase during annealing at 1273 K, as measured experimental@nly slightly to the conversion from Auo Au.
(Ref. 2 and as calculated using the theoretical model of the present The experimental results and theoretical modeling of the
work. The thickness of the specimen is 5060. present work provide a basis for quantitative treatment of the

gettering of Au impurities by cavities in Si. Significant fea-

sured the steady-state flow of interstitial Au from precipi- tures of such gettering are illustrated in Fig. 11. This plot
tated Au-Si phase to sinks over a submicrometer distance; ishows the predicted influence of a cavity layer on the con-
contrast, the earlier investigators employed evaporated Au asentration of substitutional Au, the solute state predomi-
a source, and they used electrical measurements to profile th@ntly affecting electrical properties, at a temperature of
immobile, substitutional component of the Au over distances|123 K. In the calculation, the Au was initially distributed
of hundreds of micrometers, with deliberately introduceduniformly through a 50Qwm Si wafer; the starting atomic
dislocation sinks serving to remove excess Si self-interstitialgractions of interstitial and substitutional Au were equated to
and thereby maintain local equilibrium between the interstithe respective solubilities in equilibrium with the Au-Si
tial and substitutional Au. The combined results in Fig. 9phase at 1123 K, 45610 ! and 3.0< 10" 8 atomic fraction.
indicate that the diffusivity-solubility product for interstitial The cavity layer was located at a depth ofufn, and the

Au in Si is approximately given by associated areal density of chemisorption sites was taken to
. _ P mm-L sl be 30 nm?, representative of the values deduced from the
NSl AU, JausiDaui= (28107 mm™= s75) present experiments. Figure 11 shows the time dependence

X exp(—3.10 eVKT). (14  ©of[Au,s]attwo depths: Jum, in the region where devices
would be constructed, and 25%0m, in the center of the wa-
The mathematical model of the Si-Au system and the asfer.

sociated parametrization that were introduced in Sec. Il C The evolution of[Au,s] at 1 um in Fig. 11 shows two
and detailed in the Appendix are tested only partially bydistinct stages. For times 10* s, the movement of intersti-
application to our experimental data. This is so because, d&l Au atoms to the cavity sinks induces a monotonic de-
discussed in Sec. Il C, the experiments were carried out urcrease in Au,s], at a rate governed predominantly by the
der conditions where the conversion between mobile, intertransport of Si interstitial atoms from the external surface
stitial Au and immobile, substitutional Au had little influence and from cavity surfaces to accommodate the formation of
on the observed behavior. Consequently, as a further validanobile interstitial Au by the reaction of Eql2); the trans-
tion of the applicability of the model, we employed it with port of the interstitial Au to the cavity sinks after its forma-
no change of parameter values to predict the depthtion is relatively rapid and therefore not rate controlling. The
dependent accumulation of substitutional Au within decrease exhibits two substages, reflecting, respectively, the
dislocation-free Si having equilibrium Au-Si phase at thetime for transport of Si interstitials from the surface tquh
two opposing surfaces, under conditions conforming to puband the time for transport of Si interstitials throughout the
lished experimental dataA comparison between the model region between the surface and cavity layer. At longer times,
predictions and the experimental data is shown in Fig. 10as Au comes to the cavity sinks from progressively greater
and the agreement is seen to be good. Like earliedepths within the wafer, the value pAu,i] adjacent to the
investigators;’ we find that the predominant rate- cavities layer rises as a result of thelependence in Eg5),
controlling step in the buildup of substitutional Au is the and this in turn causg®\u,s] at 1 um to increase. Under the
diffusion to the surface of self-interstitial atoms formed conditions of this calculation, the formation of interstitial Au
when interstitial Au transforms to substitutional Au; the dif- deeper within the material is enabled not only by the afore-
fusion of interstitial Au from the surface source is so rapidmentioned in-diffusion of Si interstitials but also, to a sub-
that[Au,i] varies little through the specimen, and the rela-stantial degree, by the out-diffusion of vacancies formed
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through the reaction of Eq11). At sufficiently long times, ACKNOWLEDGMENTS
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concentration-time curves are simply shifted downward on  \ppENDIX:  DIFEUSION-REACTION EORMALISM

The authors benefited from a number of discussions with

thellogarithmic co.ncentr'af[ion scqle with no significant dis- AND PARAMETER VALUES
tortion. The physical origin of this property is that, when
random chemisorption of Au on cavity walls at smalis in There are six relevant species whose concentrations vary

equilibrium with Au in solution,[ Au,s]=[Au,i]Jx6. The with depth and time: mobile interstitial Au, essentially im-
second noteworthy feature is that, by choosing an intermedimobile substitutional Au, Au bound within precipitates of the
ate anneal time to allow sufficient diffusion in the near- Au-Si phase, Au chemisorbed on the walls of cavities, mo-
surface region while simultaneously minimizirgy the Au  bile Si self-interstitials, and mobile Si vacancies. The differ-
concentration in the device-critical near-surface layer can bential equations governing the concentrations are, respec-
reduced substantially below the long-time, asymptotic valuetively,

VI. CONCLUSION ((?/(?t)[AUa i ] = DAu,i((3'2/(3’)(2)[A'~»|1i ] - SAuSi_ Scav+ SAu—l

By determining the binding free energies of Au on cavity ~Sauwv (AL)
walls, this study quantified the strength of a promising get- __
tering reaction, and it achieved a significant step in establish- (9o Au.s] St F Sawvs (A2)
ing the energetics of Au on Si surfaces relative to the solu- (91 9t)[ Au,AuSi] = Saysi (A3)
tion state. Remaining issues inclu@® the partitioning of
Au atoms among multiple chemisorption states at elevated (9/dt)[ Au,cav]= S.,y, (A4)
temperatures, which was addressed here only in a prelimi-
nary way;(2) the separation of enthalpy and entropy contri- (a1at)[11=D, (8% 9x*)[1]=Si.y— Sau-1 (AS5)
butions to the binding free energy; ag8) the variation of 2. 2
these properties with the crystallographic orientation of the (01D[V]=D\(d7x)[V]=S.y=Sauv-  (AB)

surface. One potential avenue to such more detailed informa4ere theD are diffusion coefficients, the bracketed expres-
tion is the performance of experiments analogous to thosgions are concentrations expressed as atomic fraction, the
presented here, but with one or more cavity layers replacegource terns,,s; takes account of the reaction of interstitial
with well characterized external surfaces of unique crystalay with Au-Si precipitatesS,,, treats the reaction with cavi-
lographic orientation. Steps in this direction are already beties, and the term$a,.y, Sa,., andS,.y reflect the reac-

ing taken for Cu on St tions of Eqs.(11), (12), and(13), respectively. Using proce-

The results of our experiments were incorporated Withjures and considerations discussed elsewtéfethese

other information into a predictive mathematical model ofsgurce terms are constructed in a manner appropriate for re-

Au transport and reactions in cavity-containing Si. Thisyersible, diffusion-limited reactions that approach equilibria
model quantitatively reproduces our data, and it is also inspecified by Eqs(3)—(6) and by

good agreement with other experiment results with which
comparison was made. We believe the treatment to be ca- [I]=exp(—AG, /KT), (A7)
pable of providing a realistic description of Au gettering un-

der the more complicated conditions of technological inter- [V]=exp(—AGy/KT). (A8)

est. The resulting source terms are
|
Sausi= 47D pui{ RausiNausi X) HIAU, i1 ]—exp( = AGpusi/kT)}  for [Au,AuSi]>0, (A9)
Scav=47D ay iNsit Reav/ Neat (AU, T J{Aca X) —[Au,cav]} —[Au,caviexp(—AG,./kT)) for [Au,cav]/Aca=6;,

(A10a)

Seav=47D oy iNs{Reav/ Nead {[AU,i ]—exp — AGyc/kT)}  for 6,<[Au,cavl/Ac<1, (A10b)

Sau-1 = 47D | NsRay {[Au,s][1]—[Au,iJexp( —AGay1)}, (A11)

Sau-v=47{Dayi+ Dy}NsRauv{[AUT[V]—[Au,s]exp(—AGa,v)}, (A12)

S.v=4m{D;+DyINgR,.v([I ][V]—exg{ — (AG,+ AGy)/KT}). (A13)
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TABLE Il. Additional parameters evaluated from independent information.

Parameter Value Source

Dau, (0.1 mnt/s)exp0.4 eVKT) See Sec. IIB

D, (20 mnt/s)expE1.2 eVKT) Ref. 3

Dy (100 mnt/s)exp0.4 eVKT) Representative value, Ref. 48
AG, 3.8eV-9.KT Ref. 3

AGy 4.2 eV-3. KT Ref. 3 with aboveD,,

Rausi 1nm Order-of-magnitude estimate
N ausi(X) Chosen to reproduce initighu,AuSi] RBS analysis

Reav 10 nm Ref. 32

Ncay 10t 10-nm cavity with monolayer wall coverage
Rau-i 1nm Order-of-magnitude estimate
Rau-v 1nm Order-of-magnitude estimate
R.v 1nm Order-of-magnitude estimate

Here theR are effective reaction radilN i is the number of cal system evolves during annealing with local near-
Au-Si precipitates per unit volum#\g; is the atomic density equilibrium among the reacting species at any given depth,
of Si, ng,y, is the number of chemisorbed Au atoms per cavityand the radii influence only the approach to that local equi-
wheng=1, andA.,, is the concentration of Au atoms bound librium; as a result, even order-of-magnitude changes in the
to cavities whend=1, expressed as atomic fraction. Al- radii are found to be inconsequential for predicting observ-
thoughR,,s; varies with changes ipAu, AuSi], this effectis  able properties. Hence, very rough estimates of these quan-
inconsequential in the present context and is neglected. Aities were deemed sufficient. It should also be noted that, for
SuperfiCial difference in nomenclature from Refs. 45 and 4Q‘)ur experiments and a|so for Others dea”ng W|th Au in S| of
is that the entropy-related prefactors of Boltzmann factorgyhich we are aware, the experimentally measured properties
have been incorporated into the temperature-dependent bingre getermined predominantly by products of diffusion coef-
ing free energie\G. In order to accommodate numerical ficients with equilibrium concentrations of the mobile spe-
solution of .th|s formalism, the above source terms were aI'cies, rather than by the values of the individual factors. As a
tered as discussed elsewH&réo produce slight rounding result, for exampleD, exp(—AG, /kT), Dy exp(—AGy /kT),

wherever there is a discontinuity in a first derivative. The Nd D ay; eXp(—AGp,s/KT) are known much more accu-

Q:g\:\?ﬁerégu numerical - solution has  been Olescrlbe(fately than their individual factor§See, e.g., Ref. 1.Con-

Table Il lists the values and sources of parameters th equently, in assigning parameter values, we sought particu-

were not determined in the present study. The reaction rad|f"y 0 be consistent with the best available information on
are the least critical quantities. This is so because the physii® Products. The choice f@r,, ; was discussed in Sec. Il B.
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