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Copper interactions with H, O, and the self-interstitial in silicon
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The interactions betweesubstitutionalcopper in Si and one to four hydrogen interstitials are studied using
first-principles molecular-dynamics simulations. Up to three H's can bind covalently to aneT@ase com-
plexes have been observed by deep level transient spectroscopy. The structures and binding energies are
calculated, and the vibrational modes predicted. Althol@t, ,H,} does have a small binding energy relative
to {Cus,Hs} +Hgc, constant-temperature dynamics show that this complex is not stable. It can break up in
several ways, one of them is the dissociation intq€2H, molecules. The interactions between interstitial
copper and interstitial oxygen show that;Cprefers to be in the slightly larger void adjacent tp, ®ut the
binding energy is quite smalD.31 eV} and no covalent Cu-O overlap occurs. The interactions efdihh an
A center(oxygen-vacancy complgxnvolve a kickout Cu+{O,V}—{Cu,0;} + 1.7 eV, with Q bridging a
Si-Si bond immediately adjacent to Cu, which itself is at a slightly perturbed substitutional site. Again, no
covalent Cu-O bonding occurs. Finally, Qaoteracts with the self-interstitial by pushing it and one host atom
away from a perfect substitutional site and moving itself toward it, at a gain of 1.6 eV.
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. INTRODUCTION The general rule is that complexes such &&M,H,},
{TM,H,}, and sometimes eveM,H3} are still electrically
Copper is of special interest among thel &ansition  active, but the TM's gap levels shift within the gap. This
metal(TM) impurities?? because it is used for interconnects pehavior was observed for Fi.18\ 1719.20 £ 21225 o 17,19
on computer chips. It also easily contaminates bulk Si duringco26 N;j 2527 cy28-3t Rh32 pd3 Ag,2t3* Pt3-% and
processes such as the chemomechanical polishing of wafergy, 17.38-42The trends and assignments of the many DLTS

In p-type and intrinsic Si, most of the copper exists as theyeaks have been discus$dd? In the case of P(Refs. 45—
interstitial Cy" ion, with its lowest energy at the tetrahedral 48) and Au(Refs. 4951, additional information about their
@nter_stit!aI(T) s_ite. If[ is one of the fa_stest-diffusing impurities microscopic structure has been obtained by electron para-
in Si, with a migration energy predictétb be less thg_n 0.24 magnetic resonancéEPR and Fourier transform infrared
ev and' me{:ls'urédat 0'1&. 0.02eV. The S_O!Ub'“ty of absorption(FTIR) spectroscopy. Several first-principles the-
copper in Si is low, and_|t tends to pre0|p|tate_at/nearoretical studies of TM,H,,} complexes have been performed
vacancy like defects, stacking faults, grain boundaries, oxy];Or Ni 52 pg53 Ag 53,54 515355 10 AUS3-55 The authors have
gen precipitates, or out diffuse to the surface of theCOﬂC|L,Jded t’hat iﬁ all ca,ses H tra s at the antibondiig)
sample">"> Most copper complexes and precipitates aresite of a Si host atom ad'ac,:ent topthe substitutional TM
electrically and optically active, apparently impossible to . jacent 1o th : '
passivate, and little microscopic information about their D€SPite the apparent similarities in the predicted and ob-

structure and chemistry is available. However, theS€rved behavior of th€TM,H,} complexes, the evidence is
substitutional-interstitia{ Cug, Cy’} pair has been studied by msufﬁuent to .conclude' that gll these co.mplexes have iden-
deep-level transient spectroscogipLTS), photolumines- tical geometrical configurations TM-Si-Hag. For ex-
cence(PL) and first-principles theory: 12 Furthermore, sev- ample, the FTIR spectra of tH€t,D} complex fail to show’
eral {Cu,H,} complexes have been seen by DLTS. the 2°Si and 3°Si isotope shifts that would be expected were
The first experimental studies of TM-H complexes wereD bound to a Si adjacent to Pt. Further, the annealing tem-
done in Ge(Refs. 14—15 by photothermal ionization spec- peratures of the variou$TM,H,} complexes vary much
troscopy, and the authors reported that hydrogen affects th@ore than might be expected if one always dealt wah
electrical activity of the TM. The ability of hydrogéhto ~ mosh the same Si-lfg bond. Finally, our preliminary
passivate the electrical activity of a range of impurities andcalculations® concluded that in the case §Cu,H,} com-
defects in Si provided the impetus for the study of TM-H plexes, H binds directly to the TM and not to a nearby Si
complexes in Si as well. Numerous such complexes havetom. This implies that the chemical nature of the TM itself
now been observed but few are passivated. Following hydroplays an important role. Therefore, we refrain from generali-
genation by wet chemical etching, the shifts of the electricakations and focus on the microscopic properties of Cu and its
levels of many substitutional TM impurity have been moni- complexes in Si without implying that our predictions can or
tored by DLTS, Laplace-DLTS, or thermally stimulated ca-should be extended to TM's other than Cu.
pacitance. In some cases, deep-level depth profiling was used Copper in Si exists predominantly as the; Cinterstitial,
to demonstrate how many H’s are trapped at a given TMa species that was found to have no affinity for hydrogen.
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Further, hydrogen was showtto displace copper trapped in Norm-conserving pseudopotentials in the Kleinman-
internal voids, suggesting that H€u,H complexes form Bylander forni! are used to remove the core regions from
under these conditions either. However, when Cu is introthe calculations. The Cu pseudopotential includes relativistic
duced into the material at high temperatures, a fraction of itorrections. The basis sets for the valence states are linear
traps at vacancies and forms the stable Gefect. Theory combinations of numerical atomic orbitals of the Sankey
predicts that the Gu-V—Cu releases 2.5 to 2.8 €0  type’>"®but generalized to be arbitrarily complete with the
values whichexcludethe formation energy of the vacanpy  inclusion of multiple-zeta orbitals and polarization states.
eV (Ref. 59]. The vacancy must be provided to,Guorder  The charge density is projected on a real-space grid with an
to form Cu,. The vacancies are available at high temperaequivalent cutoff of 150 Ry to calculate the exchange-
tures during the in-diffusion of copper. Three electrical levelscorrelation and Hartree potentials. This large cutoff is needed
associated with Cuhave been identifiet®* {0/+} at E,  to describe the localized states of coppeftests up to 250
+0.20 eV, {—/0} at E,+0.41 eV, and{——/—} at E. Ry confirm that it is sufficient
—0.17 eV. The host crystal is represented by a 64-host atom periodic
Cu traps Cy and forms thg Cus,Cy} pair (for an over- ~ supercell in most calculations, but a few runs in a 128-cell
view of the experimental data and the most recent theoreticavere performed and confirm that the 64-cell is appropriate
study, see Ref. 2Upon hydrogenation, Gus observed by for all the defects studied here. Cell size effects have recently
DLTS to trap up to three H interstitials and the electricalbeen considered in the case of copper pdirghich are
levels of these {Cu,H,} complexes have been complexes of comparable size to the ones considered here.
identified®3%3Annealing studies show that these complexesOnly minor shifts in the calculated frequencies and very
are stable up to at least 100 °C. There is no FTIR spectrurimall (or no changes in geometries have been observed.
of any of these complexes because they have been observedThe calculations used double-z&faZ) basis sets, with
so far only in low concentrations in thin sub-surface layerspolarization function¢DZP) for Cu. The geometries were all
following hydrogenation from a wet chemical etch. optimized with a 2<2x2 Monkhorst-Pack mesh for
Zundel and co-workef8 were the first to notice a de- k-point sampling as well as witk=0 (I point). As reported
crease in the diffusivity of copper in Czochralski silicon earlier/” total energy differences are affected typically)
(CZ-Si) caused by a weak trap, the concentration of which0.2 eV. The energetics given below are the ones obtained
matches that of interstitial oxygen OMesli et al®® (see also ~ With the 2x2X2 mesh. The constant-temperature MD runs
the review in Ref. 2 performed transient-ion-drift experi- employed the Nosehermostaf® Some were done with
ments in comparably dopeg{type) float zone and CZ Si. Single-zetaSZ) then a DZ basis sets to confirm the results.
The O concentration in the former sample is about two orConstantf simulations were all done witk=0 only. The
ders of magnitude smaller than in the latter. They demontime step was 0.2 fs with H in the cell, 1.5 fs with O in the
strated the existence of {&Cu ,0} " pair with the binding  cell, and 2.0 fs when only Si and Cu were present.
enthalpy 0.26:0.05 eV® Hage et al® reported a rather The local vibrational moded.VM'’s ) were calculated us-
broad O-related mode at 1038 chthat appears following ing the perturbative approach developed by Prurfédiaal-
the introduction of Cu. However, this line has been seen onljows the computation of théharmonig dynamical matrix.
in samples with a high B concentration. The presence of he matrix elements are extractedTat 0 K from the de-
metal impurities such as copper has an opposite influence divatives of the density matrix relative to nuclear coordinates.
the diffusion of oxygen. Infrared studfof the annealing of The density matrix must be as accurate as possible, which
the dichroism of the oxygen absorption lines found an enimplies large basis sets. Further, the geometry of the system
hanced diffusion of oxygen when copper is introduced in themust be very well converge@inaximum force smaller than
sample. Newmaet al. explained this observation by an in- 0.003 eV/A. These calculations are limited fo=0 Recent
direct mechanism involving ndirect copper-oxygen interac- predictions” of some 70 known LVM's in Si have shown
tions, using Woodbury and Ludwid’$ proposal that the that the calculated frequencies have an average error relative

presence of Guincreases the vacancy concentration. to experiment of the order of 2%.
In this paper, we discuss the interactions betweenadd
H, Cu and Q, Cuy and the{O,V} complex(A centej, and lll. INTERACTIONS OF Cu  WITH H

Cu and a self-interstitial. The results include the formation
dynamics, stable configurations, binding energies, and vibra- Substitutional copper (Gl forms whenever Guencoun-
tional spectra. ters a preexisting vacancy. The reaction,-€W¥—Cu re-
leases 2.5 eV at the Hartree-Fo@kF) levef® and 2.8 eV
with siEsTA®2 HF and DF calculations find that Gus
on-center, fourfold coordinated, and that virtually no lattice
The results discussed below were obtained from selfdistortion occurs because the Cu-Cu, Cu-Si, and Si-Si bond
consistent, first-principles molecular-dynamit4D) simula-  lengths are within 0.1 A or so of each other. The on-site
tions based or(spin-averaged and spin polarizedensity- location of Cy and its calculated binding energy are consis-
functional (DF) theory within the local density tentwith a(high-temperatunecopper-related center observed
approximation. The calculations are performed with ghe by channeling® HF and DF calculations predict that Cu in
EsTA code®’®® The exchange-correlation potential is that of Si populates its dp shell at the expense of thed3shell.
Ceperley-Aldet® as parametrized by Perdew and Zunfer. While the exact number of electrons promoted varies with

Il. THEORETICAL APPROACH
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the level of theory, both HF and DF theory predict that even
Cu’ in Si is not 3d° but 3d!% *4(sp)*, with x<1. In the
case of Cy, some 3 electrons do participate in the bond-
ing. The four Cu-Si bonds are weak but covalent. Since vir-
tually no lattice strain occurs around Guwe estimate that
the bond strength of each of the four Cu-Si bonds is of the
order of 2.8 eV/40.7 eV.

We performed a number of constant-temperature MD
simulations aff =1000 K in cells containing Cuas well as
one, two, three, or four H interstitials to investigate if and
how H traps at or near Gu Such an elevated temperature
was chosen in order to probe the potential surface quickly
(within a few thousand time stepsin all cases, H moves
directly toward Cy without disturbing Si-Si or Cu-Si bonds:

H binds to Cy along directions that are away frothut not
antibonding to Cu-Si bonds. In these simulations, the H’s
have too much kinetic energy to remain bound tqQ Clihey
“bounce off” of it but keep on coming back in the same
manner.

Geometry optimizations were dorieonjugate gradients
to find all the local minima of the potential surface for one to
four H interstitials at/near Gu This includes bond-centered
(BC) configurations (Cyt--H---Si or Cu-Si---H---Si),
the antibonding(AB) site of a Si bound to Cu (Cu- - Si
-Hag), and H bound directly to Guwith a range of Cu-H
directions. When more than one H was involved, all the com-
binations of such structures were tested. Spin polarization
does not affect the structures or energy differences.

The lowest-energy configurations all have Cu-H bonds
with no Si-H overlap. Thus{Cu,H;}, {Cu,H,}, and
{Cu,Hs} have copper fivefold , sixfold, and sevenfold co-
ordinated, respectivel§Figs. 1. The{Cu,H,} complex will
be discussed below.

Metastable configuration§ocal minima of the potential
energy do exist atT=0 K. We used a “heat treatment” to
check their stability. Starting in the optimized metastable
configuration, we raised the temperature of the cell to a few
hundred degreesypically 500—1000 K; allowed the system
to evolve for about 1000 time steps, then quenched rapidly to
see if the configuration had changed. In all cases, we found
that a single configuration survives, the one discussed above.
In particular, the configurations that have H at the AB site of
a Si adjacent to Cu (Gu- - Si-Hag) are unstable and do not
survive the heat treatment.

Note that in almost all H-impurity complexes in Sihy-
drogen is bound tdor predominantly tp a host Si atom
adjacent to the impurity, sometimes in a BC configuration,
sometimes at an AB site. It is unusual for H to bind directly
to the impurity in a manner that does not involve any Si
participation. This is made possible in the case of TM’s by
their ability to achieve many more coordination numbers
than elements with nal valence orbitals. As mentioned
above, Cyuses some of its@electrons to form four Cu-Si
bonds, and once thed3shell is open, unusual hybridizations
become possible. FIG. 1. (Color onling The{Cus,H;} (top), {Cus,H,} (middle),

The binding energiedE, (n=1, ... 4) of the{Cus,H,}  and {Cu,H,} (bottom) complexes in Si have Hsmall white
complexes were calculated relative to isolated neutral BGpherg bound directly to Cublack sphergwith no H-Si overlap.
hydrogen Copper is fivefold, sixfold, and sevenfold coordinated, respectively.
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{Cus,Hy_ 1} +Hgc—{Cug,H,} + AE,,. TABLE I. Local vibrational modes of th¢Cus,H,} complexes
with D substitutions{Cu,H;} hasC,, symmetry, the other com-

The values obtained with aX22x2 Monkhorst-Pack mesh plexes have eithe€ or C; symmetry.
are larger than the ones we reported earlier with émhy0.1°
Forn=1, 2, and 3, the binding energies are almost identical, allH one D two D’s three D's
2.3 eV. These three binding energies are so similar becau?%uS Hy)

Cus induces no strain around it and H binds to Cu in a way 1?54 15:?526
that causes no strain either. As a result, the binding energy of
H comes only from the formation of a covalent Cu-H bond.{C”S’HZ} 705 579 588 545

Forming a Si-H bond at the antibonding site of a Si next 949 871 851 686
to Cu would involve breaking one of the Cu-Si bonds 1721 1227 1300 1225
(~0.7 eV) and displacing a Si atom to the plane of its near- 1825 1824 1720 1299
est neighbors at some additional cost in energy. Thus, for the€€% Hs} 787 744 607 593 739 578
Cu- - - Si-Hag configuration to become energetically favor- 980 793 975 752 724 718
able, its binding energy would have to exceed 2037 1104 1048 1082 1035 836 799
=3.0 eV. Since H at the AB site of Si forms rather weak 1658 1273 1200 1187 1282 1180
bonds, this configuration is simply not competititag least 1767 1659 1767 1273 1257 1257
for coppey. 1804 1785 1800 1783 1659 1282

The case of Cu,H,} is different. AtT=0 K, conjugate
gradient calculations show that this complex does form with ) . o
all four H's bound to Cy. The latter becomes eightfold co- €Nergy is quite close to the one6£negsured from transient-ion-
ordinated(to four Si's and four H's. However, the binding drift experiments, 0.2 0._05.eV. It is also very S|m|.Iz_ir to
energyAE, is only 0.6 eV and this complex is unstable. We the measuréd 0.26 eV binding energy of an _mterstmaIZH
performed several constant-temperature MD runs at varioudiclecule trapped near; Oln both cases there is no covalent
temperature¢room T to 1000 K. The runs invariably result overlap between Qand interstitial C{i (or H,). None is
in a break-up of{Cu,H,}. In some runs, the Cu-H wag expected since s happily twofold coordinated and Si-O is
modes bring pairs of H's close to each other. This allows thé@ne of the strongest chemical bonds in nature: O has no
H's to overlap and{Cus,H,} dissociates into Guand two incentives to weakefor breal a Si-O bond to form a much
nearby interstitial B molecules”® But in other runs, the less energetic Cu-O bor(dr overlap with an B molecule.
complex breaks up intfCw,Hs! and a nearby Kt or other  In diatomic molecule? the bond strengths of Cu-O and
combinations. Note that these MD runs are limited to a fewSi-O are 2.7 and 8.0 eV, respectively.
ps real time, which is too short to reach equilibrium. How- A notable feature is that the Si-O-Si bond puckers when
ever, all these runs confirm thé€u,H,} is unstable. This CY’ (or Hy) is nearby, and this strongly affects the vibra-
instability is further illustrated by a comparison of the tional spectrum. In the isolated; @efect, the Si-O-Si bond
{Cus,H,} complexes with Cuand a partially or fully satu- angle is 180° and the calculated LVM’s of, @re theA,,
rated vacancy: Ge-{V,H,} is less stable thafCu,H,} by =~ mode at 1133 cm® (measured® 1136 cni*) and theA
AE/=2.38eV 1=1), 1.54 eV =2), 1.31 eV a=3), mode at 608 cm" (measured” 618 cm !). When H traps
and 0.15 eV =4). The latter energy is very small indeed. near Q, we find that the Si-O-Si bond puckers to 149° and

The vibrational spectra of théCug,H,} complexes § the LVM drops to 1043 cm' (experimentally’’
=1,2,3) with D substitutions were obtained from linear re-1075 cni*). When Cy is nearby, @ puckers even more,
sponse theor{/ The calculated frequencies are given in with the Si-O-Si angle at 138 points toward Cy and the
Table I. stretch-mode frequency of O parallel to the trigonal axis

drops to 886 cm'. A second LVM at 591 cm® has Q vi-
IV, INTERACTIONS OF Cu ; WITH O brating along the O-Cu direction. These modes could be the
signature of thgCy,0}* complex. We need to point out

We also studied the interactions between @nd either that these frequencies strongly depend on the Si-O-Si angle,
interstitial oxygen (@ or the{O,V} complex @A centef?). but the total energy varies very little with it. Further, these
The former is a bond-centered interstitial willy; symmetry  modes are expected to be highly anharmonic, but our calcu-
(the energy difference between the straight and the puckerddtions involves the harmonic approximation. Therefore, the
Si-O-Si bond is very small The latter is off center in a error bar on the predicted numbers could be larger than av-
vacancy, bound to two Si atonithe other two Si dangling erage. Since the binding energy of Cto O is low, these
bonds reconstrugtand hasC,, symmetry. TheA center is  modes should be observed only at low temperatures and if
known to react with a number of impurities, in particular enough Cu can be diffused into a CZ-Si sample. Figure 2
hydrogerf! shows the complex.

Cu' is attracted to Qbecause oxygen locally distorts the qu interacts more energetically with th®& center than
crystal which results in an interstitial void neay larger than  with O;. We performed several MD runs at room tempera-
away from it. In the lowest-energy configuration, the O-Cuture and 500 K to see how Cuplaced near thé\ center,
distance is 2.0 A. The calculated binding energy (Gand  reacts with it. The result of these simulations is that copper
O, near each other v infinitely far apars 0.31 eV. This easily displaces O from the vacancy and becomesv@iie
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FIG. 4. (Color onling The interaction between Cand a self-
FIG. 2. (Color onling Cu" (black sphergprefers to be at an interstitial results in the formation of a complex which resembles
interstitial site near Q(light gray sphergthan far away from it by ~ {Cu,l,}, but Cu(black sphergis 1.2 A away from the substitu-
0.31 eV, but only because of the extra free volume available. Théional site while the two Si atoms are 1.6 A away from it.
population analysis shows no covalent Cu-O overlap.
configuration leaves the perfect substitutional site quite open.
O bridges an adjacent Si-Si bond. We label this{ftBie;,0;}  We tested the possibility that Cmight jump into it. In other
complex. The lowest-energy configuration does not occuwords, is the reaction Gt |1—Cus+ 1, energetically favor-
when the two impurities are very far apart but when theyable? The constarf-MD runs show that this is not fully
remain close to each other: the energy difference betweerealized. In the lowest-energy configuratitfig. 4), copper
{Cu,0} and Cy infinitely far apart from Qis 0.44 eV. The is 1.2 A away from the substitutional site while twequiva-
reaction CyH A center—{Cus,O;} releases 1.69 eV. lent) Si atoms are 1.6 A away from it. The complex H@s
The {Cus,0;} complex is shown in Fig. 3. The Si-O-Si symmetry and consists of an isosceles triangle in{tEL
bond angle is 153° and the calculated asymmetric stretchlane, the center of which is 0.44 A from the substitutional
along the trigonal axis is 1008 cm. A second LVM at site. The energy of this complex is 1.59 eV lower than hav-
588 cm ! has O moving perpendicular to the Si-O-Si axising | infinitely far away from Cuy.
and its two Si neighbors along this axis.

VI. SUMMARY AND DISCUSSION
V. INTERACTIONS OF Cu ; WITH A SELF-INTERSTITIAL
The most abundant configuration of copper in Si is"Cu

Since Cd ejects O from thgO,V} complex in order to  hich can be introduced into the bulk in rather large concen-
become Cy, we wondered what would happen if Quere  trations at high temperatures~(0 cm™3 at 1000°C).
placed near a Si self-interstitid. In its lowest-energy con-  ypon cooling, it tends to precipitate or out-diffuse to the
figuration, lis a SplltéllO) interstitialcy, but the center of surface, but some of it remains as Scljrhe present Study
the split is shifted by 0.80 A in thé001) direction’® This  deals with the interactions between copper and H, O, and the
self-interstitial at low temperatures. Our first-principles MD
simulations confirm the conclusions of earli initio HF
results® that copper in Si is a chemically active species with
a surprising variety of covalent interactions.

Cu, forms only when vacancies are provided. The reac-
tion Cy+V—Cu releases~2.8 eV, which is much less
than the formation energy of the vacarey4 eV (Ref. 59].

Cu is on-site and fourfold coordinated and itd &lectrons
participate in the bonding. Each of the four Cu-Si bonds has
a strength of~0.7 eV. These are weak but covalent bonds.

Interstitial H is attracted to Guand{Cus,H,} complexes
form, with n=1, 2, and 3. The reaction$Cu,H,_1}
+Hgc—{Cus,H,} occur at a gain of 2.3 eV fan=1, 2, or
3. These complexes differ from other impurity-hydrogen
complexes in Si in a variety of waysirst, H binds directly
to the TM, not to a Si atom near it. There is no H-Si overlap.

FIG. 3. (Color onling When near theA center, Cfl kicks O  Second the binding energiegrelative to isolated ) are
(light gray sphergout of the vacancy, takes its place, and becomesalmost the same fofCus,H,} with n=1, 2, and 3. The
Cu, (black sphere The lowest-energy configuration is the reasons for this are that Cdoes not distort the surrounding
{Cu,,0} complex shown, with no covalent Cu-O overlap. host crystal, and therefore H does not have much strain to
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relieve and its binding energy comes almost exclusively fromCu at or near O precipitates, dislocations, and other defects
the formation of Cu-H bonds. Thus, even if sof®eM,H}  has been reportethe most recent study is in Ref).8ur
complexes have H at the AB site of a Si atom adjacent to thealculations involve a single Cu and a single O or I, and
TM (as predicted in Refs. 52—p5%his configuration is not  therefore describe a much simpler situation. Although we
universal. The{Cu,H,} complex is unstable and MD runs find that Cu tends to come close to O, there is no hint that a
show that it can dissociate in several ways. Interestingly, ongy-0 bond can form. Instead, Cu binds rather strongly to I.
of the possibilities is the dissociation into Cand two  since O precipitation tends to release I's, sometimes leading
nearby interstitial B molecules. Thus, if enough H is g the formation of dislocation loops around O precipitates,
present, Cucould become a machine that fabricates Bl oyr results suggest that Cu traps at I's near rather than at O
the H- (and D5 related LVM's of {Cus,H,} (With n=1, 2, precipitates.
and 3 are predicted. The most energetic reactions we find are-€V— Cug

Cu’ is attracted to Qbecause of the slightly larger free 1 2.8 ev (V is a preexisting vacangy then {CuH,_}
volume available around the T site neay tBan far away +Hge—{Cu,H}+2.3 eV (with n=1,2,3, Cy+{0O,V}
from it. The small binding energy0.3 eV) is close to the —{Cw,0}+1.7 eV, and Cutl leading to a {Cus,I,}”
measured orfé and to that of H near Q.% There is N0 complex at a gain of 1.6 eV. Guis weakly attracted to O

Cu-O covalent overlap. However, the Si-O-Si bond puckergg 3 e\), and the{Cu,H,} complex is unstable.
with O pointing toward Cu, and the;@Gsymmetric stretch

drops from 1133 to 886 cnt (calculated.

Cu reacts with theA center by “stealing” the vacancy
and forcing O into an interstitial configuration. The reaction
Cu+{0,V}—{Cu,0;} releases 1.7 eV. ThiECu;,O,} com- The work of S.K.E. was supported in part by the R.A.
plex consists of a slightly off-center Guand a puckered Welch Foundation, the National Renewable Energy Labora-
Si-O-Si with one Si adjacent to Cu. The asymmetric stretcttory, and the Alexander von Humboldt Foundation. Many
of this O is at 1008 cm?. thanks to Texas Tech’s High Performance Computer Center

The reaction Cu-1—{Cu,l,} is only imperfectly real- for generous amounts of CPU time. The experimental work
ized, with Cu 1.2 A away from the perfect substitutional site.of J.W. was supported by Deutsche Forschungsgemeinschaft
The binding energy is 1.6 eV. Note that the precipitation ofunder Project No. WE 1319/9-1.
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