
LA-LJR-80-237>
-.

“rl.~\ ~( ( ‘“,..’ ‘ -,
.>

*

TITLE: A REVIEW OF THE EXPERIMENTAL RESU(TS ON 1MPURIT% CEN;E;S IN

ELEMENTAL SEMICONDUCTORS OBTAINED BY KSR AND OTHER TECHNIQUES
4

+

*.

AUTHOR(S): Thomas L. Estle

SUBMllTED TO: The Second International Topical M~eting on Muon Spin
Rotation, Vancouver, B.C., August 1980

r....~~~.—[llSCLAIMt R _—

1.......—.—.-—---,-----.—-------------,’

Ttrc LoI AIDmm ScmItI Lc Ltirniorv rwqu~!s ih~t NW IJIAI
IIII!W Itinufy Ihls UIICIC ● work Wrforrmd uridc! 11’m●m
pmtoff~ US lkwnrrwntofErwr~

Lni!!llkLOS ALAMOS SCIENTIFIC LABORATORY
Post Office Box 1663 Los Alamos, New Mexico 87545

h Affirmative Actkm/Equal OPPodunlty EI’IMWX

,?
.!

Form No. @MIR3
St. No. ~20
lw7a

About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov



A REYIEHW THE EXPERIMENTALRESULTSON IMPURITYCENTERSIN ELEMENTAL
SEMICONDIXTORSODTAINEDBY MSRANDOTHERTECI{NIIJJES

7hmas L. Estle

Physics DeparWent
Rice University, tbuston, Texas 77001, U.S.A.

ABSTRACT

1 brkf’ly review selected electron Paranflnnctic
mmn,ance stdies of’ defect Centers :n ~raup IV
semi comltictorsm I point @ut features 01 this
rescarc!i ~ich are useful in analyzin:: thr gature
of nfnfnwl and mmmalous wonjun (Mu and Mu ) in
these ,crystalsm A mederatc) y spcci fic mdel of W
and Mu is prescnt~.’d and Ccmpa:Pi ~- st~ies ~r
hydrq,rn in sil icon wkl gel’manim.
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synmetry abat the c~stalline <111> axes such as is obtained fbr Mu’. I’bwever,

this similarity to tkt synmetry axes for Mu* is fortuitous since strain mixing

Of W valley-orbit rplj.t 1s states for M muld ~aluce <100> synmetry centers

because of tte d~fferenL laations of the conduction band minima in Si and Cc.

Llthiun Wovidec us with no insight into the behavior of mmniun-like

centers since ttms tlyperfinp splittlnc of Mu is too large for it to be a shallow

donor, and Lhc !%* hyperfine interaction is too anisotropic to result tian a

shallow center uless strain coupling of the valley-orbit split levels occurs

but then the synmetry!nay be urong (also see the discussion of the anisctropy of

the Mumhyperfine interaction below). In dditjon, theoretical studies have

swgested that interstitial H and u+ should produce deep donors because the

pseulopotential is not reduced by core rrbitals.

lhere are other interstitial which have been observed by EF’R in silicon.

Ihe idated Al++ interstitial occupies the Td interstice but the Smallm’

B(15) and C+(’6) interstitial occupy distort~ sites, presumably because of the

Jahn-Teller ●ffect. me C+ has erthorhanb~~ synmetry and the [i is

monoclinic so no dircut anal~,ies to Mumresult. Nonetheless it i,% Interestjnr,

to mtc that these mall intcrslitlals are umtable in the tetrahedral

interstice and spontaneously distort. In eidit.ion, we note that explanations-of

these centers usinr! relatively simple molecular orbital ar~ments (]irmr

ccmhinntio,,s of atnmic orbitals used t.c mnstruct molecular orbitnls - LCP,~~:P:’)

have been quite infom,ativc[1114-16),

rkcp Sltlstitutional donors have dso h.ctl observed by Wli in

acmicondurtors, Wlfur it? silicon is n doublr donor and fbr the F=sitvc c’ iIrI’.P

stat~, in which only onc extra electron is bound tm the s’~lfur, the Ff’1{datn( lP)

show that it him the full tetrahedral (Td) synmel.r,’ of the substitutional 9i0.2m

However , N is a slnfile deep donor in diimnrml(19) and silicon, rather thnn

shnll~ like the other Rroup V Impuriticsr and it has axinl synmetry d!mut the

{111) Rxcs, ‘lhc resultant mol~ular orbitnl 1s .lntilmldinfl bctwcml S1 and d ill!,l

the ●lectron spin density is lnrr,c]y on a sir?,lf! Si ntnm,(zo) This, and the

simil,ar deep ll(?’) ctnd F(22) dol,nrfi in F.0, nrc manifcstntionn of the p.q~i)lit

Jnh*lel lcr efrcct.f 17)

I hclievc thfm :I~C a!IME th{’ ebswvations which will prow most Uscfu] in

nsscsslnl: the WI dnt.n on ttu and P!us in Rroup IV clmnrnl.al somlronducLors, in



With these EPR 1 eatures

model of PtI and Mu- uhich will

First, the hyperfine Faraneter

as guides I wish to propose a moderately s~cifi.:

be based on three features of the I,LSll data.

for Mu is about ~ the vacuun valuu (2,4,5) (q~z in

S1 to 83% in C). %cond, for Hua Ai = # *A andtboth me snail.(2~3~5) Finally,

conversion fhm Mu to Mu* or the reverse is slow (rates < 0.1 usec “ for T 6 100

K in S1). (23) In dditirm, I will make t~ reasonable simpl Ifications,

especial ly since there is no evidcncc nor @ysical ly plausible argunent to

s~gest otherwi ,SC. The first is that impurities and other defects are not

involved directly. lhe second is that the nuon is not t,u?mclinG, i.e. , the pX

observations result fhm th nmon vihrat!n[! about a sin~le equilibria pnsitien

for times * 10 usec. We miEht retard the latter simplification swnewhat m(.:.1,

skeptically b~ausc the ruon is so light. Wuever, there is no vSti cvidcncc or

tnnelinE of the swt, Alich can CJccur in EPR swh ss lin~ bro8deninr,, IJmM!I”Il

t~erature dependence, cmnplcx spectra, or rapid relaxation. jn addition, it

muld not appiir that.ndels lnvolviric impurities or tnneling ~,rec with tlw

observations ns well as the one s~~gcsf.ed helou.

It will tm helpful in our disc~ssicn offI mcwlcl to analyze the hyperfinc

parancters ~htaincd fbr Iflu’. In particuli]~, uc can analyze AH and Ai undo: tlw

assunptlon that they arise only frmn s nnd p orhitn!s on the u+. F~ch mak~s a

contrihltion te “Jw hypw~inc Intcractiou. For axinl syfimctry wc havc(p”)

Al = As + ?/,p,

Al = As -Ap,

or

‘(A,+ PAL),AB=-
3

~= ;(A, - A,).



If the orbital wave function for Mu* consists of a mixture of an s orbital

and a p orbital directed along the synmetry axis, thel~ A5 and A v~uld have the
P

aaw sign, in clear contradiction to the table. For mxial synmetry, one cannot

have the porbltal perpdicular to the symnetry axis wless the state is doubly

degenerate. In that case, the center will be unstable to m asynnetric

distortion (tk Jahn-Teller effect) and <111> axial synmetry muld not be

observd. In aidition, we note t-hat, since the p contribution could not exccta

the value for a 2P atamic orbital, !Apl for Ge and dimnond is larger than is

Wssible. ‘lhe value ofA5 is also very mall (71, 1.51, and 22 of that for a 1s

orbitnl). lhws this superficial snalysis fails to explain the Mu* hyperllne

parmctcrs and also fails to account for the location ofmrmt of the c]cctron

spin density.

(kc of the ●arliest attempts at an explrnation(3J25) of the nature of W

and }tum SLGRPSLSth~ direction a model micht take. ‘he s~,~est.ion was thnt W

is a B+ in aTd interstitial site and Mu’ is a M+in a hex.af,onrd site. If WI.I

●lectron spin is on the ~kcred hex~,on of atmns which are nearest neighbors cr

the hexaI:oFal interstitial site, the difmledi~le inter~tion produces a va?co

of Ap approximately equal tn thnt obscwcct h Si, inclulinf, the correct si<r,.

‘lhc sir,n a~rces with simple classical arfwcnt fer this model. ThC lW[.W

vclu~s cf Ap for diamnd and (X miIy result frcm Lhe analler disLancc of par: cf

th~ &ctual electron spin dcmsity !%m the mwniul in the interstitial s]tu.

This feature of a hCXi~:Oil:il interstitial mcdel for k!u’ was mentioned earlier.

As attrnctivc as this may seem , it only explains Ap. Uhy is As so anall an.!

why, in vlrw of the liRht. mass and resultant 10PI!C ?kr~pnint amplltul~~ a::.!

vibrntirvwl fiequcnry of MC u+, dots not CI1l the nunnium rapidly convcr~ in:o

the now stable fore, MI or RI’?

71w mrdel which I propmc is simply n mare dctnilcd version of this R,J!V!

but It PI-rWidCS vcrifiablr detnll md a riitl~fiillc for m rthcrwisc prim.w.ily ad

hoc model. Let UN consider litcrnlly n simLllcLC~i@:tK:model in which atfl-,:r

orhitals on the nr:lrrst. nrif.hbrr (and next-nearest ncl?~llmr for Td) Si at.o:v:: :IIId

the 11+ il~c considmd. lhenrbftnlswhiuh will concern u< are l~(and poss:b:y

2p)on ~l+nlld 3sand3jl orbltnlsnn Sl, ttw valrnceerhitnls, He will crmsl:lcr

thv Stnnrtm”d Spq hy+’rids or Lht? S1 orbitals rmultlnfi in the four Letrollmlr;ll]y

directed orlliLnls usmi to discwn:l bon.iiflr,. lf]th ~v(~tmlilll o!’ Lhesu dlfm:tr:!

orbitvls, nnc cm Mlk dint. hondlnl! ond itfltll)nll~lil]l”. S1 orhit:ll!i.

Ilr Mu nround Slnt.cs i: rlcnrly iIbwW rwMtI.Ilf1s atrmir crbil.:11 on L!NI b+,

and it in cnnplowly tiynrmtric (1’1) 111tlw Td synmmLry, Thus the m.’loiullvr

oHJiLnl will CPII:IiSL or !WWIC1s orhltal on W u+, and smnc Or enrh Or UN’ LW

rl sl orhitnls , rmr or Alich is bendlnr, nnd one or which is antlbrmdin~, . r:r

otlmr pmlhilily rxlsts h this simple LCAO:W :lppronch.



Fbr ha the s~metry of the ground state may bc my of four pmsibillties

for the D3d symmetry. Accx@etely cymnetric (l’!) state is possible; consisting

of an achdxture of 1s orbital on the IJ+ and a It Si bondin~ orbital on the

Wkered tn?xagon of nearest neighbor stuns. Ibis is very analogous to the

ground state in Td synmetry. ‘lhe only other mssibility I will consider is a

r2- orbital which cCnslst!3 OF a r2- antibonding Si orbital md perhaps scmc 2P

orbital on the U+. I’he antibonding orbital will be lowered in enerey by an

increase in the Si-Si spacing for the pmkmxl hexagon surroundin~ the hex~.onn]

interstltia] site. Ihc experimental data support the identificatirmof the 12-

orbital as the lower M the tw. Symmetry prevents a 1s @rbiMl admixture into

a r2- fmcticm so there is a stronll arguncnt for the s orbital hyperfin(?

interaction bein~ .so snail (I s~.~est. below hrw a mall dmixture can result).

In addition, the stability of this orbitnl sxKcsts a considerable displacmrnt

of the psitions of the Si atom in the puckered hcxa~rm. Ihe Slrw

Interccmvcrsirm of Mu and Nu’ can then be seeu to result from a failure of Llw

Si vibrational functions to overlap rather than because of lwmuon vibratirmal

overlap. The anal] admixture @f 1s atomic orbital can be accounted for by

mlxin~ caused by the zerc-point vjbration of the MLJO,Iwhich carries it out. 3r

the rotary-reflection plane of the D3ct synmctry.

It 1s often felt that a prohlm with ttp hcxa~,onol interstitial model is

its appcrcnt disngrecrmt with ttw conclusion? @i Picraux ml Vmk based (m

ohannclint, stdics of D in Si(2(’). They concltid that D amms inplantn? ill

crystalline Si do lic CIQ-= to (but pclhnp.. not exactly on) a <111? axis. 7!AI

location they obtaind was not the twxtv.onal lnterstltinl site hut onc disp]ac:v!

by aboul 1.9 A fhm the lwxap,onal sit.{’. tkwcvcr, lat.w wrk by St.cln(27) on ll:r

infiarcd absorption, uhun ccmbincd w]t.h the channclin~ studies, s~’,~csts ;l

picture in which the P(~~r II)is bound to a sinr,lc silicon (attaches La a danl’,linr

bond) which is ndj,ncrnt to a vac,mcy clust.w. In brief, it is quite prol):ll.ilc

thnt thv ccntms prrduccd hy stoppinf, muon:: me different than my cent.~r ill

silicon ohservcd so fnr involvinfi hydrq.m m its i.sntqm.

kmthcr clns:~ of ccntcrs involving’, }1which hnvc lxwn sLuljcrl recent.ly(:’!’~

in Rerm:mim nrr assmjntms of hydrocrn ,mc! nnothcr impuril.y, spsIficcIlly c,

SI , nn~ 0. nle~t’ ccntirs hnvc Imw rlctcct.cd in very purr CC by photottwr,,,!

ivnlzat,!nn slmrtrrumpy. lhe hydror,m tllnnrl!I rapidly nhout. ttw tilllWriLy w,!

th[s ccnlf?r is & shallru donor in the case of o an~l a nhilllrw ~cccptmr if tl,f’

lIIIPWIL)’ 15 C or S1. lWevcr, as mcnlionvl Cill’llf!r, shall~ rcntnrs Cil’llli,[

esplilln th~- obsrrvmf hyprrfinp pm’,rw~trr !“o1 ~’i~l,r~t. Mu or Mus, eslmcjal]y :13

slmil:w cc;ltcrs arc S(VW in d] thrrr clcnwnt 11 .scw:iconductors. mun ily.illtl lL

appw’s th:lt thu olmcwcd hyrlro[;cm cent,’:’n differ fmlirncnt:llly frmn Lllt::fI

invcdvinn nmnsm
“\
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In sunmary 1 have rroPsed a rather spscific mdel for Mu and Mua In group

IVsmiconductors, a malel which is ~ysically plausible, has many features

s~gested by EPR atdies of various centers in Si, fits the BSR data, and,

perhaps most !.mpwtsnt, has what wwld appear to be verifiable characteristics.

Ckwervation of S13 hyperfine interaction for six equivalent silic~n sites, when

combind with the existing data, would be stron~

MU*. In addition, DENUR(29) experjmenta on

valuable infcmnation to c~are to the model.
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