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ABS:rRAc'r

W,e have measuredi ttle'.e_eess :As atoms: presenl_ in_G '_s: Payers;grown.,by,mol_ular beam
epi_y;, at;lbw _substrate mmperatures: usin g,:par_el_ _indueed!x.ray, emission_ technique, 'lille
amount_ of exeess:Asmoms :indhyers grown_ by:M,BE'at, 200_'C were foundi to,be -4_ l_020)emr2_.
Subse_luenti anne_ding;of _e_ layers; under As:oue_ressure at(6009C didi not,result_ iw any,,
substantial! As:10ss; However, transmission_eleetron, microscopy, revealed! _av As;precipitates; (2"

.. 5nm, m,diametex))_em presenv in,the:annealS!layers, The:lattiee:lOeation_oftlieexe.ess:Asatorns
in_ttie aa grown, layers:was:investigated! by,,ion tehannelin g met.qods. Amgular seans; were
performed! in_rile:< lii0_ axis :ofthe erystal_. Our resufls: strongly, suggest, that,a_large fraction, of

ese_exeessAs:atoms;are 10catedlin_an_interstifiali positi0n_elbse to,an_A.s:row: _ese As
mtersmals are'.loeated!at_a_s_te:sligl_fly;displaeed from,the tetrahedral! rate m, a_diamondicubic

lattice. NO4nterstitial!As.signali is:observed_ in_the:annealed! layers,

I'NrFR'ODUCTIONi

GaAs thin_fi_s: grown _by' Molecular Beam Epitaxy, fMBE))at,low.,growth., temperamre,_g
(_400°C).:_have been, subject to many,investigations:recently [!l.-10]i Murotani,_. [1_1]!first.
reported; the developmem of this matefial_ in_10781andipredierv..dli_to be:a_useful! buffer materials
forges field;effect: transistors;(FET)_ Smith_e_;._al_._I_]ihave sueeessfully used; tile low
temperature _E' (LTMBE) ' _sasb uffer layers: forth e_fabrication, of G__ s:and
showed that the :LTMBE,43_:layer eliminates baekgatingl between_the devices. In, addifiow to
its:.great teehnol0giear potential; the LTMBE_slayersalso have:many interesfing_material_
properties: such_as higlr defect eoncenlrati0n_ higli,eleetrieal! resistivity, andi are therefore of
scientifie interest: as weil Previous reports ;revealedi that, L_E;_s layers; grown_ at.substrate
tempemnm_.s in, ttie range of 200;250°Clare tiigh,quali_; single crystals with > I atomic %,excess
As:_l-3]; "lTlieselayers havelatfieeparameters:l_ger than_that_of a normaliG_s:crystali by,

. y _ : _gr th_tempemturebel0w200_C[6]i At,"rg<200 C;,only a thin layer

(<2_m)_of good quality__s can be grown,before a_high density, of "pyramidal" defects
nueleate_ and! columnar polyerystalline: growth_starts,

Electron, paramagnetic m_nanee :measurements on_LTMBE,GaAs :layers showed; th_ these

laye_ llave-5xl018em,3_Asantisite defects _[2]. In addition_,they, axe _,found to,be highly
resistiveandipossess:nomeasurablepliotolunfineseencesignali[l], Subsequent annealingof
fliese: layers above 4009C :in,As overpress ure res ults in_a,uniform, semiAnsulatin g property, and
the 10weringof the_ lardeepararneter to,the valueof stoiehiomewie GaAs grown,ar normal
temperatures(::6009C)' Transmigsion_eleetron microscopy _M)_investigation_ revealed_ that,As:
precipitates with_diameter ranging from, 2to51 nm are formed in,the layers after annealingl!2-5]:
_e As precipitates formation _in,Iiie_L_E: layers has,been_studied in tdetail_by'many
investigators _4;53]! Recently; it has:also been_speeulated_ that the semi,insulating nature of the
anneaiedi LTMBE_GaAs, layers is:the _result,these As: precipitates; [5],

In_this paper we report; on_an investigation of tite LTMBE_G_s layers grown_at Tg=200°C
using ion, beam, techniques, narm.ly; particle indueedi x-ray emission, _P_), Rutherford
baeltseattering spectrometry, fRBS.); andi the eombination_of these:t_ehniques with ion
ehanneling; Ou_ study ad_sses:on, tile issues of stoichiomewy; defects_arising from,the off-
stoichiometry; and'.the lattice _loeation,ofiexcess As in the layers.



EX:PER:[_M_E'N!FA,E, PROCED[_R:ES_

"Ftie ILTMIB'E_Ga_s;l_a_em;were gm:,_w.n,on_semii-insulttting, liquid_-encapsulhtedJCzc,x:liml,_llii

((II(_X0))GaA's:su[,_stvates, Tlie samples:were grown_using,,;vVitrrian,GEN11,1!MJB'E:system, ati'Fg:=

2t_R,)_'Ciw.itli_a_grow,Oi,rate -li_rn/tir. Tlie ttiiellness:of ttte lhyers gn-ow,n;is:-2c-3',_n_ Some off rtie
layem: were anneadt_d!at_6(_X_)gCin,the:M,B'E¢timnber. witit,_m_As:over_ressure. "Irliestoi¢tiiigmewy.,
o_ LTM_B'EcGa_s:lttyem: was: measuredl by PIXE using.,a_1i.2'MeV' Ht" be:m't_witti_samples; tilted_ at,
60_'Z,(,)?'witti_respet;t, to.die ion_beam_ _ie beam_ene_g_,andltlie tilt, anlge were ¢tiosen_so, that tlie
x_-ra,y,emittedl by,'die subswateGi '_s:is:< l!0e,_,of tlie, total!eollt_etedlx-ray, signal,_; Tiie x_-mys:
emiaeAi were detet:tedl by, a,Si05i))detector 10catediat 30°'w.ittt_respect, to,die ien_beam_

'_e crystalliniry andl tlie_deptli_profile of crysralline defeets_in_tiie LTM,B'E_G_s: layers
were characterriz_tl by' RBS:in_ tiie channelingorrientation_using:a, 1!.95,MeV;4He ,ebeam_ Back-
.,.x:atteredip_wtieles,were analyzedi by'a,Siis_wface bar_er d_teeto_qtmatedi at_li659'with,respect, to,
tlieion_ beam: Ttte samples:were mountedton_ a,t_o, axis_goniometer fo_ aligmnent: Tt_e lattice
ltmation _of the excess:As atoms in_ttie LTM,B'E.G_s:layerrs_grown_ at, 200PC:was; studiedi by
PI_/efianneling using a,0i5_MeV' Hi_be_wn: The ion, beam_was:alignedi along, die < 1_r0r>axis: of
the: layer. /_ngulat/scans:were obtainedi by,.lilting: tile sample p_allel! to,a_{1liF0!}!plmm across the
<111!O>axis:andi measuring the GaKct,.andlAsKl]:x,rays, The x-ray yields;at` eaett_tilt, angle were
normalizedl by' ttie wdues obtainedi wtlen_the itbn,beam_w.as not, alig_aediwitlv any,,,axis:of ttie
sample, i:.e.,, in_a,random,direction:

RESULTS AND _ DISCUSSION!

, .... II
Figure 1!shows die GaKI};and_AsKa x- a0o00 ray.

rays obtained by'P_ for a L_EGm_ks

layer (T,=2_)"C)iandlttlebulk, . G_s -_'aoooo
standm'd',normahzed_ by' file GaKnt x.my, .g. / _,
_not,stiown in,aic fignn'e)_ The higher _'
AsKax-ray'yieldifromtheL_Elayer _,_oooo--t_ru_z-_,o,,Jl /' \"
indicates tile presence of excess As in,the g,:
layer. Over 1106'countsof GaKc_ahfr AsK(z 2_ooo,
x.rays were accumulated. _e relative
composition,of tlm layer [_s]/,[Ga]!ls o, ....

• " 3t10, 400, 420, "
calculate.d: by' taking.the ratio _of tile total._ c_., n,_ #
measure.di AsKa,.andl file GaKez:x-rays: andl
comparing tiffsratio.to that, obtained_ for a_ Fig;i k2 MEV"H_ PIXE' spectra from the
bulk G_s standard_ Since the Gag0;and bulk G_s standardi and, wL_E GaAs
the ASKczx-rays:are not, resolVed, .it,:is layer grown_at Tg=2000C: Only, file Galq_
necessary to,subtract` the Galq_,_x-myfrom, and;ASKofpeaks _e shown, in,the figure.
the totall yieldl in,orderto obtmn,a more

accurate [IAs]/[Ga]i tatio, _is is_eanriediout, by' assuming a _ed; Ga_GaKat yield tatio, The
overalll statistical! error associated_ with, thiS:measurement, is:estimated_ to be -0i2%, Tile amount,

of excess As,, A[_As]!= (l_As]_[;Gal_)/_[_As]_Ga,]_)_in_this case is = 0.0_I (= 4x li020_atom_cm3),
Tile effect of annealingon, _e stoichiometry/of tile L_E. layers is Nso,smdiedi P_ results
show ttiat when_tile layers: were annealedi under an,As overpressure,, there is no significant.

ctmnge in,a'[_As]iup,to,an, annealing, mmpemture of 600°C.

X-my reck'ing,curve., measurements on, the unannealedi LTMBE layersshowthat` the hmice.parameter, a,of the layers,is considerably larger than,that`of a non'nail G_s crystal; ab,1)2,6_7]. '_

_e deviation, in_the lattice parameter, z_a=_a,-ab)/a,Js found mbe --0:2%, 'l_erefore, the PIXE

and_x-rayresultsshow that,more excess As.is incorporated into the layerat: Tg,=2009C andi that
the dilation, of tile lattice pammeterin_ the layers.can be attributed; to the presence of excess As
atoms in,the lay.ct.

Rocking cu_e measurement.s:l)7]i on, samples _annealed in_As ove_ressure show' that, the
lattice p_wameter of the layers:gradaally, decreasesas fiie layers are anhealed! at,temperatures
higher than, 300_'Candi finally_resume the bulk value wiien, tiie annealing temperature reaches
a5_9_. Since no_As_loss ean, be detected'_by P_; the excess As atoms, are believedl tocoalesce

_! fomaingAs:preeipitates in,the:layer and,_us returning ttie lattice parameter to,ab, tms:m

,,
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eonfirrnedl by,'IrEM_iexperriments;w.tiieti,obse_edl smalllAs;precipitates; (2L3;nm, in_diameter))in, a_

L_iE. layer) (flT._2009C))anneali_d!ati450_)C'undt_r)_s;ove_ressure [!8It
For)ILl,BE layers grow.tr at_'I/g_.>-200t'C;,t,tieRBkSl&tianneling.Sl)_l, _weve_ _simii_w to_

that, of the bulk G_s s_ple w.itli_sliglitl_,,tiigtiev d_tianneling, in,the specrtra_f-roe, tl)c l_tyevas:
die ions: penetratedeeper into,.the layer). Fig; 2 sliows;the < 1!1!0->alignedl RBS; Sl_eWw from_a,

"" bulk G_s: andia,L.TMBE. layer grown, avTg=20@'C'as; grow,n_andi anneal_.,x,:llav 6007C under As:
overpre.ssure, NOte that, exeepv for the liig!ier)d_ttanneling, rate in file speetra_from, the layers,, .all!
the spectra, are very,,simil_ m,_e_ bulk. one indicating: ttlav die layers: liave':good_icr:y,smlline ¢lu_it5,'.

, since TIE,Miexperirnents didinot,reveal! any, ext`enditdldef_ts:int tliese layers, we can, assume that,
the liigtier dectianneling,rates_in_ the layers:are diae_to,point,de/_ts, Tlie_coneentrat,ion_ orrpoint,
defects: can_be ealeulatedi from, tlie RBS/_t_annefing_:spectra, as;ou_inedi in'_Fellah, _, IiI!2]i
_e point, defect concentrations;in.., the as_grown_andianneal_zli !ayers:calL_ulatedlfrom, the data, in,
Fig, 2 are show,n,in_Fig; 3_ A uniforcn)distribution)with, n13,-1.7,xlt020_mr 3;is obsei_edi in_the as_
grown, layer. This:value of nD,is lower tttan_ttie totali excess:_s,coneentrafion_ measured! by' P_
_n,this_layer (*¢:0xli020_mr3)_ The n13,fovtie anneal_ts,,unpl_. _inere_mes;from,- ltxll020)at,the

surface to,a_constant, v'alue _of-4!6x l_0a)_:mr3;at' @4!l_m)d_pth_ This: saturatedl v'ali|e of point,
defect, density.,agrees:very, welii with)the excess: As_con eenm,tion, in, tl_elayer;_indieatin g: that' most,
of the:excess:As in file annealedi layer exist, in,the form)of random poinv defects:contributing to,
the dechanneling of the:i0n__ _M_ on,_: layer revealedi that, smalli As:precipitates _2'-3_:nm
in)diameter)! arepresent' in',this:layer. _ese precipitates:are either amorphous or "pseud0cubid"
conswained; by'the G_s:host` crystali _8]i These_observati0ns:m,t.._, goodi agreement with, the
R:BS/channelingresults. _e fact' that, the nlg,in,die as_-grow,n_layer 'is mm, h,10wer)than, fiie excess:
As_eoneentrari0n, suggests, tliat' the excess:As in, die as-grow, n_layer may be m_the Ga_sites, or

sitting.in_ specific _sites:closer.o the normall host, sims andltherefore with, a_decli_mnefing factor, 613
smaller than, that, of a_rand0mpoint' oefect_ To investigate the lardex: location,of the excess:As
atoms in, the layer, PIX_(:hannefing: experimen ts were; also,ear_ed_ out.

Figure 4!shows the angular scansof the GaKa. andiAs lq_.:x-rays:across the < 1'1'0_ axis
along a {iI_10}iplmm from, ta)the bulk G_s standardi andl(b)i,the as-grown_ LTM,BE, layer. The
< 11!0> axis is chosen_since the Ga and_As: atoms form separate rows;in, _direction_ _li2;1311
defining _o separate channels, one bound! by, three GWrows andi the other by,three As rows.

Since the critieab angle for channeling. _ is proportionali to,the _uare root, of the atomic number

Z2 of the target: atoms forming the channel; Le. 'q/=Z21_2[_li2]ime:'_alues of the _ for the scans
arising from the <t 1'0>ehanneli as definedi by, the Ga and_As slrings: should be different: In, this

ease, _(Ga)/_(As)_/(31133) = 0:97.'. The critiealihalf angle _1/2of the scans is definedlas the
angular deviation, between, the_ehanneled_direcfion, and;tlie angle at,w_eh, ,he x, ray yieldi is equali

to halt"of the value when, the_alignment, of the beam, is far from, the axial_channel. Sinee It!1_:,

the: me_usuredi_l_ values are also'_Z21_. Table I*surmriarizes; the average _l_rs_of the GaKa_
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•Irabl_E A summary, ot_aieaverage critical! tialf angl_s,_I/,lif2,the minimum, yield; _min,.andi

• ex: mfi0s;ol_minedl fo_ ttte:GaKa, andlASlCl_;seansoi{ t,liei_ulk GaAs standttrdl andl ttie as:
grow,n_andianneal_lt IL_JB'E GaA,s;l_t_ers.

Average _qi/72!< 1tli0,> .,

(_ 0t0_O)_ Zmin,

X "-- f_

GaKt_ AsKs, _'l_/_As:xl!)> GaKct AsKs,,

Bu_ GaAs: 0!79_ 0:.8L5; 0i93' 0i20> 0ilt7

As_gr_n) L_E, 0_7_8; 0>.7/4! 1!.05 0_23; 0!22
Anneal_dlE_E,: 0_8: 0_80! 0!97 i 0_2'11 0!20,

and+AsKsi sea+ns:and+_min,for+tf,e+bulk,standmmli>the as+grown,andt the annealedt LTM,BE,+layem,

_e ratios_ x=_,l,/_(Ga,)J_,,l_As)) for _e_three samples:are al_o,tabulatedt
In_27able_I_we notice, friarx=0i93! for bulk G_si. slightly,,lower tliml_the ealeulatedi value

0i97'. Since themtiO of the x-ray; absorpfion_coefficient, of Aslct}_to_that of the_Gal_, i n_G_s: is:=
2; _e meap. emission depth,of the GaK_.is:greater than__at_of the AsKI_. _e net(effeet_of this is
thal_the _l_(Ga)_ becomes nar_awer due todeetiannelingof tlie beam, at_greater di:pill, in, the
sm_nple, _erefore x <0_97/in_our measurement., is consistent, wifil_file ealeulafiom Fo_ the as,
grown_L_E _layer, x=lt.05i much, greater than_that, for bulk G_s: N0tieealSo, filat, the

absolute values of the _l_(Ga)> for the three samp)es are_equal: witltin, a,measurement, error

(.__04°), "Tile significant narrowing ofthe_l_(As)! for tlie as gr_wn_L_E layer indicates
that the < I_I!0>etianneli as:defined_ by<the As strings is smaller. The most, pmba01e cause for tliis
isthe presence of Asatoms sligtifly,displaeedi from, the normali As position, into the <li 10>

channel. Since thePDCE'results:reveali that, --4Xl020_exeess Asatoms/em3;are present, in, file

layer, file.narrowing of file _i_fAs)'can, be interpreted as;the result, of the presence of excess As
amtr_ locateff cl0se to fileAs atom, rows.

In,F_g, 4_b).we also observe two kJakEs m the Aslc_ scan, at nit, angle =0_3;5 'm, both
directions of the sean_ for fileas_grown_ L_E' _s as indicated! by, the arrows in, the figure; It
sliould! be pointedl out, that, al_ough, these "_" are only: slig!_tly larger thma_the measurement;
error, riley:are reproducible in_the as_-grown_sample but, are not,obsearveffin either dm annealedl or
the built standard_ sample, However, due to the relatively.large statistieali error, the following
quantitaive mmlysis on_these "_,'_ can,only pmvidea; rougli,est_rmtion. Using, the continuum

rnodel_ formulated by, kindhardi [ 1_4];the atomic displacement rx can, be related! to the _1_, by the
following expression:

'__, In_(_) 2_ ]
1_/_,_. ! -_I! i

where C is a,constant andi a_is:the _omas_Fermi< screening distance. For a,normal_c_stal; rx is '

just, file transverse rms filemaal,vibration, amplitude, p (=0:I_202__ for G_s)_ A rough estimate

using 0:35°'as the half angle for the displace.diAs atomsyiel_ a_pmj eetedl displaeement_ rx=O.3/_ ,
in,the as_grown_L_E sample.

In_the < lil0>axis, as:tlie:sample is tiltedi parallel_to,a_{{111:01}Iplane, tile ion_b_arn_willl

interaer with, an_As string, in,one direction, and, a Ga_string, in_the other direction: Ttiis asymmetric
effect, tias. been, used_to iden_ <the lattice location, of impurity: atoms in_many l,I)I_-V'
semiconductors _1!5_li6_i In_our etiannelingresults,, the direction towardi the nega_?.!_etilt, an gles
corresponds to the d_ection, mwardi the As string, _is is confirmedi by, tlie Rutl_erford

i , i_ _lll ii iii i_ i _ i , I Ir)l I I
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(,a)) (_b_))
Fig;.4!A,ngul_ scans_of tlie GaKil,andt Astcl_tx-rays: °brained.!as}tlie !am,lfl.L.'s'_,ti']t,e_t_!_!ei!
a_((1!li0))plbale aBoul_a,< li1'0_.axis'for (ia))aCbullkGoJAs;stanelard;, anvilt_og)the mt,_m', _",a_,s:
layer, Nigte the "lti,ksr"in, _b)>in_the As;seam

Bac_carl_rring,,resul",ts;tee,ordi,,'.d!simultaneousl_' witlitP_; "Flte_l_l_I: andt x: ratios: for GaKcz

andl AsKI_from_both_the:buil_ and! tlie as+-grow,n_L_EiG_s: as;the sample is:_tedl towardi tile
As: row, parallell to, w {I111',01}iplaneare: mbulatedl in,Table lit, Ttte pronouneedl narrowing', in_the

AsKI$1scan, from, theL_'_",G_a, sal_.pl_ suggests: that_the excess: As: atoms: in_the sample are
preferentially' bond_li to_the.As:atormm_ trie nomaal_As:sites,. The stronger "_nR'" towardt tlte As_
string,,direction, in_the As, sean_in,Fig; 4(_b))also,eonffmris; thiS:suggestion,.

E.xpefimenm,,perfom-iedion,as-.grown LTM,BE'_ a,As:lliyers:using, con,_ergent' beam_el_tron,
dif,fraction_(,CBF_)>and! large-angle diff'meti0n, pattem__CBF_))_ 1:0]!suggested! thai__e excess
As atoms:in, tliese layers dO,no0reside'on, mtraltedmli inmrstitial! sims: The CBEI]),andl_CB'ED
results:can_ be explainedi by,'assuming,,that, the,As; atorns: form_lower symmetr_y.,'split' interstitials:
albng,,tlie"<_1!lili> axis,, ice:,,assuming,, that, an,As: atom_at, l!/4_ll/if 174!in, the:umt, eelli is;sliiftedi to a,
new, position_ 1!/8;li/8',li/8:and!an, interstitiali is.inserted! at,311t',3/.,8;318',I]I!0]LOur P_IX_,:,etianneling.
result:are, compatible with_this suggestiom

Ion, etianneling., expe_nts: ow the annealedi L,TMB.'Etsamp le sltow.'tliav the narrow ing.on

the AsKII_sean_is less; than, that, of the,as+grown, sample, For the annealedl samTle,, x=0_97,_
sli.gttfly,liiglier thari, that, of, bulk G_s, The slight, narrowing, of, tlie Aslq_ean ofi._i.s sample.
may, then, be'caused! by, the random, seattering'.from these As:preeit!itat_i, t.ne sugtl_increase m

the ,_in{As)!ofi ttiis _annealedi sample.as :eomparedi m.the standard! alsoindieates that, -1_-2 %,of
the As atoms_in_the sample are nol_in,regisi_' with, tlie ma_ as:viewedl along, the < li110>
direction:

_e pIXE/e, hanneling,;results :rev,eali tha_ tlie,.exeess,As;atornsin_ the as+grown,L_E': layer
arenot, in_exact, interstitialt positionsbut' are sitting, dose to:.thenermali As. sites_in,the lattiee,

Ttierefore,, the deetianneling,, factor oGD_['li2]!forthese, As:atoms is expected! to:,be smaller. With.
., I 3 _

thfs:adjustment, in,6D, the ealeulatedi hD,from, the RBS/etianneling,, data, m-2;5 x l!020em" 'and! is
" , ,, As

still110we,r ttian_/_As]i in,the layer, _e only,,explanatiow is;that, a, fraelaon of, these excess
atoms:are in_exact, subsrimtionat_ posiiion, not,eontriButingi to,the deelianneling; Recently,;, using+

Table_I_t A summary,, of the erifiealt lial_angles,_lt/r2; andtthe x ratios, for the GaKa, madl

,. Asl¢,_;scans _m_ the:bulk G_s. standardi and! ttie ETDE;. G_s; layer obtainedi w,hen_the,
samples _are nltedi to_ardi the As:atom, string,,al0n g, a,fli1:0))plane,

i

xtf,,li_, < 1!Ii0,>towardi the As;row
GaKa, Asf_l_+, x mt,io:

Bulk G_s 0_7,8, 0!8;1i 0_96,
L.TM,BE.;G_s 0_7i6 0!68; Ii.1!2'

"1,ii
"I

i1'



-6,-

optri0:aliabSsor_fiomandt eltmtron_paramagnetic _esonanee"te¢tmiques;, Kamin sV,,a__ [_7/]tf'oundl

,-1).2'-ll.3_xl!0g0kmr3_neutral) ,_a,anfisites; in_an_a_grow.n_LTMtBIE,lh,ye_grow.n_at!'Fi_=2(0(0PC:
Tlfis; resuli_is;in)goodl agreement_ w,ifli,ou_ oi_ser_afions, on_ion_¢ttanneling.

We' ha_e' foundl a_higti, li_vel!of ex_:ess,A:,s,,z_llA,s]t= O_O)li,,iivLTMIB'E,GitA,,s,lhyevs;t_ow, n_atc ;,

substrata temlaeramm = 200,_C_ Ttm,_l,_s]l inrflte lhyer is;_l_evedl to, be:reslmnsit,511_for flte
dt,ltttion,ot_flte lttttiee:eonstan0 in__he as_-grow,mIh,y,e_s;.Ulmn),annealing: in)A,s:atmospltere at,_ove
_50?C'tttese: excess:As: coalise' forming, Rs; pl'_aipitatesl. A, ParLefraefion_((-60ffa))off tlie excess
As; arums:in)tlie as_grow,n_layers:are: foundi to,occupy/a_ l_tdtion)ver_, eli_se m,ttte nor_nalt As:sites,
in_flte:l_tttiee, _e: resv ofthe:exees_: _s;atoms: am.-i_elievedlto, t_ein_A'.,_,a,anfisites,

AC K NOW, E EG:Mt_NrlrS ,.

W<_w,oul_tlli_Reto,fltanl_ F_ W: smifli, andlA. R. CaI_,w,a,for providing,, flte sampl_s_andt E: E,
HMI_r,, W/. W.altd_iewiezand! E;. R. W,eber for helpfull diseussi0ns; _tis: wo_l_was: suppo_edt by'
A_,OSR-ISSA-9_: The useof tile Ion,Beam, knal_sis;Faeili W oti tlie Materialtq:Seienees;
Division, al_LB,L was; supportedt by,,the Director,, Office of En e_g_,R'eseatrelk,Office of Basic
Energy.,,Sc.ienees_,Materialfl;Se.ienee Di_sion, ofitlm U! S_Departrnenv of Energy' undt_r C0ntraev
NO, D E;.._COB;.7/68F00098,,
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