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A REVIEW OF THE FXPERIMENTAL RESULTS ON IMPURITY CENTERS IN ELEMENTAL
SEMICONDUCTORS OBTAINED BY uSR AND OTHER TECHNIQUES

Thomas L. Estle

Physics Department
Rice Univeraity, Houston, Texas 77001, U.S.A.

ABSTRACT

1 briefly review selected electron paramapnnectic
resonance studies of defect centers in group IV
semiconductors. I point cut feature: of this
rescarch which are useful in analyzin: the gature
of normal and Aanomalous ruconium (Mu and Mu ) in
these  crystals. A moderately specific model of Mu
snd Mu 158 presented and comparei to studies of
hydrofen in silicen and germanium.

MWre 1is known about defect centers in silicen than about centers in ary
other crystal. Much of this has come from electron parmmagnetic resonance (RFi)
studies(’ ). Consequently, it is reason.hle to ask whether this vast store of
information can be ¢ volue in estad:lishinf medels for the normal and  anomalous
muonium centers (Mu and Mu'. respectively) rbserved in dimond(?), sil!cnn”-"),

(F‘). The mest valunb:le  information would be EFE results on

and permanium
hydropen=containing centers except 1or the almost complete lack of such
chservations(™ . s a result, 1 will discuss selected EFR results on other
centers, primarily in Si. Then I wi)l combine reaturcs of these results with
the current uSR data and surgest a physically plausible madel for Mu  and Mu'
which explains th~ data. Finnally, 1 will return to experiments which have been
done on H in Si and Ge and relate them to the propoaci madel,

The nat.ral place to leck for analepdes to Mu and m* 1s intersatitial
sinfle doners. Lithium {a such o donor but it immediatelv has a characteristic
which i3 gualitatively different than found in the p*-containing eenters; it is
a shallew donor.  The {sclated Li donor in 5 hag a compl icated EPR spectrum
because of the inverted valley-erbit spl lt.tlnr.”). IL 18 alse quite likely thin
an EPR spectrim of an fsolated LI interrtitial in Ge would be complicated
because of the mall valley-orhit spllu.inr,.(m independent of  whether 1t i
fnverted or not, Althapn such a stuly han not beon reprted,.  Lithium i alse
known to wssociate with 0 in St and Ge, In cilicon an  isotropic EPR  ape-tru
typlenl of proup V  aubstitutional doners  was  observed for  Li~0
u.snclnten,w)uh(-l't-nn tn GeC10) ap anfaotropic EPR cpectrum atmilar o that  for
Sh was observed. The Sb .l||w-ﬂ.run“” arisea frem Lhe effects of surains in
mixing the asinplet. and Lriplet vn)ley-m'hlll. split 1a ground ntnl.en.(“’) The
resultant spectrun  correspond: Le the superpoafition of four spectrn with axi: 1



symmetry about the crystalline <111> axes such as is obtained for Mu'. However,
this similarity to thc symmetry axes for mu" is fortuitous since strain mixing
of the valley-orbit split ls states for 5i would produce <100> symmetry centers
because of the dffferenl locations of the conduction band minima in Si anc Ge.

Lithium provide: us with no 1insight into the behavior of muonium-1like
centers since the nyperfine splitting of Mu is too large for it to be a shallow
donor, and Lhc w" hyperfine interaction is too anisotropic to result from a
shallow center unless strain coupling of the valley-orbit split levels occurs
but then the symmetry may be wrong (alsc see the discussion of the anisotropy of
the mu" hyperfine interaction below). In addition, theoretical studies(13) nave
suggested that interstitial H and u* should produce deep donors because the
pseudopotential is not reduced by core orbitals.

There are other interstitials which have been observed by EFR in silicen.
The 1isolated Al** interstitia1(1") occupies the Ty interstice but the smaller
B(15) and c*(16) interstitials occupy distorted sites, presumably because of the
Jahn=-Teller eﬂ‘eet("). The C* has orthorhombi. synmetry and the [ is
monoclinic so no dircct analogies to Mu® result. Nonctheless it is interesting,
to note that these smmall interstitials are unstable in the tetrahedral
interstice and spontancously distort. In addition, we note that explanations of
these centers using relatively simple molecular orbital arguments (Yircar
combinatio.s of atomic orbitals usnad teo rconstruct molecular orbitals = LCAO:IMD)
have been quite informative!1s 14-16)

Decp substitutional donors have alse  teen  observed by FEFE in
semiconductors. Sulfur in silicon is n double donor and for the positve c' arpe
state, in which only one extra electron is bound to the =ulfur, the EPN datal16)
show that it haa the full tetranedral (Ty) symmetr & of the substitutional site.

‘PO). rather thin

However, N 1is a sinrle deep donor in dimond“g) and silicen
shallow like the other group V impuritiea, and it has axial symmetry about the
X111 axes. The resultant melecular orbital is antibendinp between Sioand o and
the electron spin density is larrely on a siryle Si nt.nm.(?m This, and the
similar dcep n(?1) and F(??) doi.ors in .0, are manifestationa of the psculo
Jahn=Teller effect.(17)

I believe these are amonf, the observations which will prove most useful in
asnessing  the WSK data on Mu and Hu' in group IV elanental semiconduclors, 1n
particular, we will find it useful t~» remomber that small  interstitials may
distort, that deep subatitutionil denern distort alenp €111 axen hecaune of Lhe
pscuie Jahn=Teller effect, and  that LEAO:MY arpimenta have  frequently  been

useful in analyzinp deep ceaters in ajlicon.



With these EPR teatures as guides I wish to propose a moderately specifi:
model of Mi and Mu" which will be based on three features of the uSR data.
First, the hyperfine parameter for Mu is about % the vacuum valuu(z'u-'j) ‘45% in
Si to 83% in C). Second, for Mu* A, = -;- A, and both are mmall,(2:3,5) Finally,
conversion from Mu to Mu' or the reverse is slow (rates < 0.1 usec™! for T < 100
K in s1).(23) 1q addition, I will mnke two reasonable simplifications,
especially since there 1is no evidence nor physically plausible argument to
suggest otherwise. The first is thal impurities and other defects are not
involved dircctly. The second is that the muon is not Sunneling, i.e., the uSK
observations result from the muon vibrating about a single equilibrium positien
for times » 10 usec. We mipht regard tre latter simplification scmewhat more
skeptically because the rucn is so light. Hewever, there 1s no uSK evidence of
tunneling of the sort which ean cccur in EPR such as line broadening, unusua}
temperature dependence, complex spectra, or rapid relaxation. 7n  addition, it
would not appear that models invelving impurities or tunneling apree with the
observations as well as the one suzpested bYelow.

It will be helpful in our discussicn of p mede]l te analyze the hyperfine
parameters ohtained fer Hu'. In particular, we can analyze A, and A under the
assumption that they arisc only from s and p ortita's on the w*. Each makes a
contribution te “he hyperfine interacticn. For axial syametry we have(?)
A, = Ay + ?I.p,

Ap = A, - Ap'
or
Ay = 3(Ay 4 21,

A= 3thy - 0.

The result for A, nnd AI, for dlmond(?), sllicnn‘”), and uemnnim(r’) are riven
in the tablc aleny vith the values for a 1s and a 2p erbital (Lhe vilues are  in
Miz and eorrespomd to O K or ax low a temperature as data was availmble),

c S Ge 1s °p
Ay, VN 67.32 96.1 une3 0
A =Th. H =2, =3h.6 (] 28

p

Table. Hyperfine parmeters in Mz fop I in various erystals
and for a y'=centored 1n and Pp atemice orbital,



If the orbital wave function for Mu' consists of a mixture of an s orbital
@nd 2 p orbital directed along the symmetry axis, ther A4 and Ap wuld have the
same gign, in clear contradiction to the table. For axial symmetry, one cannot
have the p orbital perpendicular to the symmetry axis unless the state is doutly
degenerate. In that case, the center will be unstable to an asymmetric
distortion (the Jahn=Teller efl‘ect(”)) and <111 axial symmetry would not be
observed. In addition, we note that, since the p contribution could not exceca
the value for a 2p atomic orbital, !Ap: for Ge and diamond is larger than i3
possible. The value of A 1s alse very small (7%, 1.5%, and 2% of that for a ls
orbitnl). Thus this superficial analysis fails to explain the m® hyperfine
parancters and also fails to account fer the location of most of the electron
spin density,

One of the earliest attempts at an explmationev?s) of the nature of Mu
and Mu' suggests Lhe direction a model might take. The surpestien was that “u
is a u* in a Ty interstitial site and Mo 1s a u* in a hexagonal site. If the
electren spin is on the puckered hexaron of atoms which are nearest neighbors of
the hexaporal interstitial site, the dipole=dipole interaction produces a valuo
of Ap approximately equal te that observed for Si, including the correct si;:.
‘the sign arrees with simple elassical argument for this madel. The larpor
velurs of Ap for diamond and Go may result from the smaller distance of part of
the wsctual electron spin density frem the muonium  in the interstitial site,
This feature of a hexagonal interatitial medel for Mt was mentioned earl lr.'.-.(”
As attractive as this may scem , it only explains Ap. Why is Ay sc small  and
why, in view of the lipht mass and resultant larpe zero=point amplitule asl!
vibrational frequency cf the u*, does not all the muonium rapidly convert inte
the more stable form, Mu or M 2

The medel which I propose is simply a more detailed version of this noiel
but it provides verifinble detnil and a rationule for an etherwise primawrily at
hoe model. Let us consider literally a simple LCAQ:M: model In which atoeic
orbitals on the neareat neiphbor (and next-nearest neiphbor for Ty) Si atemn and
the * are considernd. The orbitals which will eoncern us are l& (and poss:tly
2p) on »* and 3s and 3p orbitals on Si, the valence erbitals, We will ecnsidor
the atandmd sp.* hybrids of the 51 orbitals resulting in the four tetrahoirally
dirccted orbitala uard to discuan bonding.  With overlap of these directe!
orbitalsa, ene can talk abeut. bording ond antibonding S orbitals,

The Mu ground states is elearly aboit onmehalf 1s atomic erbilnl on the *,
and 1t 13 canpletely symmetrie (Iy) in the Tq symmetry.  Thus the melecul
orbitnl will cenaist ef some 1s orhital on the u*, and some of each of Lhe Lo
Ty Si orbitals, one of which is bendinp and one of which 1s antibonding. ke
other prasibility exists for this aimple LCAO:MO approach,



For Hu. the symmetry of the ground state may be any of four possibilities
for the D3d symmetry. A completely symmetric (l"{) state 1s possible; consisting
of an admixture of 1s orbital on the w* and a I7 Si bonding orbital on the
puckered hexagon of ncarest neighbor atoms. This is very analogous to the
ground state in T, symmetry. The only other possibility I will consider is a
F>™ orbital which consists of a Iy~ antibonding Si orbital and perhaps some 2p
orbital on the *. The antibonding orbital will be lowered in energy by an
increase in the Si-Si spacing for the puckered hexagon surrounding the hexafrnal
interstitial site. The experimental data support the identification of the I,”
orbital as the lower of the two. Symmetry prevents a 1s orbital admixture into
a rz' function so there 13 a strony argument for the s orbital hyperfine
interaction being a0 mmall (I supgest below how a samall admixture can result).
In addition, the stability of this orbital sugrests a considerable displacement
of the positions of the Si atoms in the puckered hexagon. The slew
interconversion of Mu and M can then be seen to result from a failure of the
S1 vibrational functions to overlap rather than because of low muon vibratiornal
overlap. The small admixture of 1s atomic orbital can be acecounted for Ly
miring caused by the zero-point vibration of the muon which carries it out of
the rotary-reflection plane of the D3d symretry.

It 1s often felt that a problem with the hexagenal interstitial mode) is
its apparent disagreement with the conclusions of Picraux and Vook based on
channeling stwdies of D in Si‘P(’). They concluded that D atoms implanted in
crystalline Si do lie close to (but pel haps not exactly on) a <111> axis., T
location they obtained was not the hexarrnal interstitinl site but one displace!
by aboul 1.9 A from the hexaponal site. However, later work by stein(??) on the
infrared absorption, when ceombined with the channeling studies, sw'pests a
picture in which the D(or )is bound to a sinple silicon (attaches Lo a dangling
bond) which 1is adjacent to a vacancy cluster. In brief, it is quite probatle
that the eenters preduced by atopping muons are different than any center in
silicon observed so far invelving hydropen or its isotopes.

ey

Aother clasa of centers involving H which have been stwlied reccnt.ly(
in germinium are asscciates of hydropen ane onother impurity, specifically €,
Si, and 0. ‘Thesr centers have been detected in very pure Ge by photother !
fonization spretroscopy. The hydropen tunnela rapidly about the impurivy o
the center is s shallow donor in the case of 0 and a shallow acceptor if the
impuricy is C or §5i, Ilbwever, asa mentione! carlier, shallow centers corinet
explain the observed hyperfine parameter for ciller Mu or Mu', especinlly as
similir ecaters are seen in all three element il scniconducters. Thus apain 1t
appe™s that the observed hydrogen cent 'a differ fundamentally from Lhene
involving mions. '



~

In summary I have proposed a rather specific medel for Mu and Mu' in grouwp
IV semjconductors, a model which is physically plausible, has many features
suggested by EPR studies of various centers in Si, fits the uSR data, and,
perhaps most important, has what would appear to be verifiable characteristics.
Observation of 5129 hyperfine interaction for six equivalent silicon sites, when
combined with the existing data, would be strong confirmation of this medel for
Hu'. In &eddition, DEMUR(zg) experiments on Mu' in Si and Ge would provide
valuable informatien to compare to the model.
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