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The interstitial carbon-oxygen defect is a prominent defect formesliiradiated Cz-Si containing carbon.
Previous stress alignment investigations have shown that the oxygen atom weakly perturb the carbon intersti-
tial but the lack of a high-frequency oxygen mode has been taken to imply that the oxygen atom is severely
affected and becomes overcoordinated. Local vibrational mode spectroscogly mitib modeling are used to
investigate the defect. We find new modes whose oxygen isotopic shifts give further evidence for oxygen
overcoordination. Moreover, we find that the calculated stress-energy tensor and energy levels are in good
agreement with experimental values. The complexes formed by adding both sin@iélf@nd a pair of H
atoms (QO;H,), as well as the addition of a second oxygen atom, are considered theoretically. It is shown that
the first is bistable with a shallow donor and deep acceptor level, while the second is passive. The properties
of C;O;H and GO,;H are strikingly similar to the first two members of a family of shallow thermal donors that
contain hydrogen.
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. INTRODUCTION level atE,+0.38 eV with the defect.
Earlier theoretical modeling had found that the oxygen

Low-temperaturee-irradiation of Si generates mobile Si atom was strongly affected by carbon and was not divalent as
interstitials which are readily trapped by substitutional car-in Fig. 1(a), but rather was bonded to three Si atoms as
bon defects forming carbon interstitials J In turn, these illustrated in Fig. 10).°° This is because the greater elec-
are mobile at room temperature and subsequently completxonegativity of carbon encouraged electron transfer from the
with many impurities including oxygen. The interstitial Si, atom with the dangling bond shown in Fig(al This
carbon-oxygen center (O,) is a product of the latter inter- leaves the dangling bond orbital empty and leads to a dative
action and is a stable defect with an annealing temperaturgond with a lone pair orbital on oxygen. Thus the oxygen
around 350-450 °C. It has been detected by all four princi-
pal methods used to characterize defects. Electron paramag-
netic resonanc€éEPR) experiments relate the G15 signal to
G0, (). The similarity of its magnetic properties with that
of the carbon interstitial implies that the C atom is only
slightly affected by oxygen which is assumed to be bonded
to remote Si atoms such as,%ind Sj shown in Fig. 1a).?3

The defect gives a prominent 0.7896 eV photolumines-
cent (PL) signal (C band,* associated with several local
mode replicas:® Previous Fourier transform infrarégTIR)
spectroscopic experiments have identified local vibrational F|G. 1. Models for QO; .(a) Divalent oxygen model(b) triva-
modes(LVM'’s ) at 1116, 865, 742, 550, and 529.8 ththe  lent oxygen model. Gray, black, white atoms are Si, C, O. Crystal-
highest of which is carbon and not oxygen relatdeinally,  lographic axes and principal directions of tBetensor are also
deep-level transient spectroscof@LTS) has linked a donor  shown.
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atom is trivalent. Overcoordinated oxygen atoms are cur-
rently of interest because of their possible role in thermal
donor defects?!

The main evidence in support of this model lay in the lack =
of any mode around 1136 cm related to bond-centered 5
interstitial oxygen (@ . However, not all the local modes of &
the defect had been found and especially their oxygen isoto
pic shifts. In this paper we present further vibrational mode
evidence supporting the model and demonstrate that its cal
culated donor level and stress-energy, or piezospectroscopit Q (arb. units)
tensor are in agreement with the observations.

Further interest in the defect has recently arisen from the FiG. 2. Configuration coordinate diagram for D1 according to
observation of a marked reduction in its concentration iNviarkevichet al. (Ref. 23. Quoted energies are based on electrical,
irradiated samples into which hydrogen had been introducegptical, and capacitance measurements.
by wet etching? These studies suggested that th©,Qle-
fect can trap up to two hydrogen atoms and that the single ) . i
hydrogenated center possessed a deep hole trap HE at & hegativeU with an occupation levelthe average of the
+0.28 eV. However, recent work has reassigned H4 to th&onor and acceptor levelst E.—0.076 eV. Electronic IR
(+/0) level of the vacancy-oxygen-hydrogeriVOH) absorption studies show a donor level lying 43 meV below
complex?? the conduction band and this then places the acceptor level,

In view of these developments, we have investigated ther the difference between © and H®, at E.—0.11 eV.
interaction of the defect with hydrogen, paying attention toDLTS and optical absorption studies were used to determine
its electrical properties. It is clear that the defect with two Hthe other energies in the configuration coordinate diagram
atoms is inert but a single H atom results in a bistable defecshown in Fig. 2.
with intriguing properties. In one form, it behaves as a deep The D form of D1 has also been correlated with a local
acceptor, but in another configuration, it is a shallow donoryibrational mode at 1025.5 cm that shifts upwards to
The calculated configuration energy curves for the defect argp27.9 cni* with deuterium, demonstrating that this defect
strikingly similar to a hydrogen related radiation-induced contains H® This unusual shift has not been explained pre-
shallow donor labeled D1. Moreover, the calculated oxygeR;ioysly but here we link it to an anticrossing with an unob-
related vibrational mode and its anomalous upward shift with,g e carbon-hydrogen wag mode. No vibrational modes
hydrogen are close to the values observed for D1. have been found for the H form.

. Tlhisddefect aﬁ_perz]ars to be the_firslt of adfam(ijly of shallolyv The neutral H form of D1 has also been associated with
singie donors which are SUCCEssively produced on annealiNg, epp center labeled TUL detected under illumination
gér;aﬁéztet?egﬁ ?ﬁ?rz)ac;ilgé r$¥lv2 f?rgtz _tal')olr:rt%%\lggrg %’f rgr_1d conditions? Its isotropicg tensor probably arises from the

- delocalized spin density which does not reflect the true sym-

D2 are formed around 350 °C and 450 °C, respectively, X . ;
and have (Of) levels at E.—42.6 meV angl E ymetry of the defect. On&°Si-hyperfine satellite has been
C . C

—37.0 meV which are comparable with phosphori, ( resolved_ having an isotrolpic intgraction Qf about 60. MHz.
—45.6 meV). The defects possess a Rydberg series of efzomparing this with the |sotgop|c hy[ger_fme interaction of
cited states, and the effective-mass IR transitions for D2 an@594 MHz arising from a freé*Si atonf® gives 1.3% of the
D3 are identical with those of the shallow thermal donorssPin density located on this unique atom. Hyperfine interac-
STD(H)2 and STDH)3 found by annealing O-rich Si con- tions with hydrogen were recently observed for D1 and D2
taining hydrogert>'® The STOH)N family members are by using electron-nuclear double-resonan¢ENDOR)
known to contain hydrogen as their electronic transitionsspectroscop§’ One principal axis of the hyperfine tensor is
shift in deuterated material. However, the STD defects ar@early parallel to thg110) direction, suggestma H bond
formed in annealed Cz-Si without prior irradiation and theylying along this direction. The isotropic part of the hyperfine
have been suggested to be responsible for the KH)Lfam-  tensor corresponds to a minute spin density on H of 6
ily of shallow single thermal donorS.It has also been pro- X 10 3%. Similar densities and hyperfine tensors were mea-
posed that these centers contain, in addition to hydrogersured for the NL1(H) defects’® strengthening the link be-
interstitial carbon and oxygel:'® However, there is no tween the STD(H)N, NL10(H), and DN families.
spectroscopic evidence for these impurities in the &nd It has been suggested that D1 is a complex of hydrogen
STD(H)N families. Nevertheless, weaKO-hyperfine satel- with an oxygen-related radiation-induced defect like VO or
lites have been found in NL10 shallow donors in Al-dopedCiO, .1* However, VOH is an acceptor with a level Bt
sampled?®2° —0.31 eV?%-*while VOH, is passive® In this paper, we

A considerable body of information about D1 has beenshow that D1 has many properties in common witlO&.
found by electrical, photoelectrical, optical, and magneticThis in turn suggests that the shallow thermal donors
experiments*?1~?® Thus it is known that the defect is STD(H)N also contain interstitial carbon. It is known that
bistable, assuming the H form in the positive and neutralinterstitial carbon can be produced as a by-product of oxygen
charge states and the D form in the negative-charge state. &ggregation in annealed Cz-Si and does not require irradia-
metastable neutral D forforiginally labeledX) also exists. tion for its formation. This follows as annealing Cz-Si to
Hall effect and conductivity studies show that the defect hasibout 450 °C produces a set of prominent photoluminescent

| N A\ HH) 4 2=

014109-2



INTERSTITIAL CARBON-OXYGEN CENTER AND . .. PHYSICAL REVIEW B65 014109

10e I 20

-1

o
©

o
=)

o
IS

05

Absorption coefficient, cm
o
N

0. 0 n 1 " 1 n 1 L 0 L n L L 1 L L A 0_0 L L A 1 A L
820 540 560 580 700 750 800 850 1065 1080 1095 1110

Wave number, cm’!

FIG. 3. Sections of the absorption spectra measured at 10 K for electron-irradiated Si s&mpiéQ]=1x 10'8 and[**C]=3x 10V
cm™ 3, irradiation doseF=1x10"® cm™2; (2) [1%0]=1.5x10%, [%0]=5x10%, and [*’C]=4x10" cm 3, F=1.5x10® cm~?; (3)
[*%0]=1x 108 [*¥C]=1.5x 10" and[*’C]=2x10' cm 3, F=1.5X 10'® cm 2. The lines related to the;O; complex are labeled.

lines. One of these is thEline at 0.935 eV which is known IIl. EXPERIMENTAL RESULTS
to be a complex involving interstitial carbon bonded to hy-

drogen and is stable up te 600 °C3* This thermal stability Figure 3 shows fragments of differential absorption spec-

. . . . . tra of electron-irradiated Si samples doped with different O
'S comparable g’V'th the STD(H family which disappear 5 ¢ isotope combinations. The signal from a low-carbon
around 550 °C! , ) , Fz-Si reference sample was subtracted from each spectrum.
The plan of this paper is as follows. Sections Il and Il |y 5| the samples, the dominant radiation-induced defects
deal with the experimental method and the measurementsere thea center(bands at 835.8 and 799.9 cinfor 160-
respectively. Sections IV and V describe the theoreticahq 180-doped Si, respectivelyand the GO, complex.
method and results for the @, GOH, GOH,, and  Traces of bands recently assigned t€QRef. 37 were also
C;O,;H defects. Finally, we give our conclusions in Sec. VI. gphserved.
The peak positions of the lines related tgOCcomplex
were determined by using a Lorentzian fitting procedure.
Il. EXPERIMENTAL DETAILS Table | gives these frequencies and thE€ and %0 isoto-

, ) i , ic shifts. In descending frequency, they will be labeled as
The IR absorption analysis was carried out using a Brukef,,o 1116. 865 742 585. 550 540 and 529 énbands

113v Fourier Transform IR Spectrometer. The measuremen;%spectivew_ Other than the 585 and 540 ¢nmodes, the
were performed at 10 K and at room tempera@®®), with  pands are the same as those given earifet®38However,

a spectral resolution of 0.5-1.0 crh Three types of Si:O,C only carbon isotope effects'3C, 13C, and “C) had previ-
samples were used. The firét) contained*®0 and *°C,  ously been studied by IR absorption, and shifts were only
while the second?2) contained mainly*®0 and '°C. The  found for the 1116 and 865 ci lines®7 In the present
third (3) was doped with*®0 and *3C. Samples(1) were study, we were able to detect very small carbon isotopic
fabricated from ordinary phosphorus-doped Cz-Si with ini-shifts (<0.5 cm'*) for the 742, 550, and 529 cm bands

tial resistivity of 60 () cm, with oxygen and carbon concen- (see Table)l

trations of about X 10" cm™2 and 3x 10" cm™3, respec- The shifts with 0 for all the IR absorption lines given
tively. Sample<?2) and(3) consisted of float-zone Si material above are reported here for the first time. The most important
(Fz-Si enriched with oxygen and carbon isotopes(2Znthe  result is the observation of a significant 33.4 chroxygen
concentrations of'®0,, %0,, and *2C, were 5< 10, 1.5 isotopic shiftonly for the 742 cm® band, clearly indicating

X 10'8, and 4x 10'7 cm™ 3, respectively, whilg3) contained  its oxygen character. This shift is in agreement with obser-
about 1X 10'® cm2 of %0, and 1.5¢10'® cm 2 of ¥C,.  vations based on PL vibrational spectroscopy which only de-
The concentrations of oxygen and carbon were monitored btects A, modes>®3® The present work then clearly shows
measuring the room-temperature intensities of the absorptiotiat the highest oxygen-related frequency lies at 742 cm
bands at 1107*€0;), 1058 (0,), 605 (°C,), and 587 cm*  compared with 1136 cm' for O,, and possesses afO
(*3C,), respectively™>*®Irradiation with electron$2.5 MeV)  shift considerably smaller than that of the asymmetric stretch
was performed at RT. Isochronal anneals of 30 min weranode in Q (51.4 cm 1), % where the O atom bridges neigh-
carried out up to 600 °C in nitrogen ambient. boring Si atoms. The 742 cm band is unusually broad:
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TABLE |. Observed and calculated local vibrational modes (& for G;O;(?). The first three columns report absolute frequencies,
whereas columns 4 onwards give their downward isotopic shifts. Calculated LVM's;@f'C are given in brackets.

160 12C 160 13C lSO 12C 180 13C
Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc.
1116.3 1137.6 (1087.9 36.4 37.7 (35.8 1.0 1.0 1.2 38.8 (37.2
865.9 876.1 (827.2 23.9 245 (229 0.15 0.1 (0.2 24.6 (23.3
742.8 759.6 (747.6 0.5 0.3 (0.9 33.4 35.6 (35.2 35.8 (35.5
~588 593.4 (576.5 — 0.1 (0.2 ~3 3.2 (5.5 3.3 (5.5
549.8 555.8 (548.0 0.2 0.3 0.3 0.3 0.2 0.2 0.5 (0.5
~542 544.7  (535.2 ~0.5 0.1 (0.2 ~15 0.5 1.8 0.5 (1.8
529.6 544.2 (533.9 0.1 0.0 (0.0 5.2 54 (2.3 55 (2.9
~10 cm 1 full width at half maximum. the charge density was accomplished using reciprocal lattice

The low intensity and spectral location have probably preVectors with energies up to 150 a.u. Tests with larger cutoffs
vented the detection of the 585 cfband previously. In Si: did not lead to significantly different results reported here.
160,12C this band is masked by théline at 588.5 cm® due Vibrational modes were found from the energy second

to the GO; pair, as well as the fundamental mode at 5gg 1derivatives between atoms within the core of the defect,
cem ! of 1'3(:S v,vhich occurs with a natural abundance of Which are directly obtained from the supercell calculations.

1.1%. However, the slight shift of the 585 cfhband that For some modes near the Raman frequency, it is necessary to
occurs in *¥0-doped material is enough to distinguish it. It evaluate the derivatives connecting more remote atoms, but
appears likely that the same LVM has been also observed ifsually these were taken from a Musgrave-Pople potential
the local mode structure of the photoluminescence C line agvaluated previousff. The dynamical matrix was then con-
the most intensé 2 feature at 72.5 me%/°-38 structed and the vibrational frequencies found by diagonal-

There are some hints that another weak band-g40  'Zation. . . .
cm ! is associated with the ;O; complex and is labeled The Mulllk_en b(_)nd pop_ula'glon of a gap staeapproxi-
“5407?” in Fig. 3. In Si:1%0,2C this band is superimposed on mately describes its localization on an atgnlf the wave
bands at 540.4 and 543.3 chdue to GC,.3" However, it function ¢n(r) is expanded in a basis of Bloch functions
undergoes a-1.5 cm ! shift in Si:*%0,%C samples, sug- Bi«(r) composed of localized orbitals, i.e.,
gesting an oxygen defect. Moreover, since its isochronal an-
nealing behavior is essentially the same as that of the other ¢n'k(r):Z Cnk.i Bik(r),

C,O, -related lines, we tentatively identify it with this defect. !

All the bands related to (©; anneal out between 300— then the population on atoinis given by
400°C along with bands related to VO. Simultaneously,
there is a strong increase in the intensities of lines related to 1 .

C.O,. Evidently, the annealing behavior of two dominant Pn(i)= N Ek Cnk,i Sij Cnk,j

defects, QO; and VO, are closely related. Either vacancies, b

generated upoA-center dissociation, are trapped byOCor WhereSfj is the overlap matrix between two basis functions
C; atoms liberated from ©; interact with VO. In both cases, andN the number ok points in the zone. It is important to

C.0, is formed. average over the Brillouin zone as the localization of a defect
band varies wittk.
IV. THEORETICAL METHOD An important characteristic of an anisotropic defect is the

stress-energy or piezospectroscopic tefisém. the absence

The defects were analyzed using a density functionabf any imposed stress, isolated point defects are equally dis-
ab initio modeling program(AIMPRO), with localized tributed over all orientations related by the symmetry of the
Gaussian basis functions in a supercell geometry. Details dhttice. However, applying a compressive stress across, say, a
the method have been described eaffldn the present in-  particular face results in an increase in energy of those de-
vestigation 64-Si-atom supercells were used and integratiofects exerting a compressive stress on this face and a de-
over the Brillouin zone was accomplished using“as2t of  crease in the energy of those which impose a tensile stress.
Monkhorst-Packk points?* The basis functions consisted of The increase in energy is writteRE=Tr B-e wheree is
the same Gaussianandp orbitals as described earlier in an the imposed strain tensor aiilis the energy-stress tensor.
extensive treatment of oxygen defects in Si and*G8pe-  Since only the relative energies of defects with different ori-
cifically the basis was S#, 1), O (6, 1), C (4, 1), and H(2, entations can be measured, only the traceless paB isf
1) where (N,M) refer to the number of independestor  known.
p-like Gaussian functions placed at the nuclei and bond cen- To evaluate thé8 tensor, the volume of the supercell was
ters, respectively. Convergence tests were carried out usingfist relaxed** This ensures that the tensor is traceless and
much larger basis involvinyl =2. The Fourier transform of reduced the formation energy of @ by only 40 meV, sug-
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TABLE Il. Formation energie&;, E(—/0), E(0/+), and acceptor</0) and donor (0+) levels of Q, G, CO,, GOH , and GO, H
defects(eV). GO;H and GO,;H defects have forms R and O. Values are calculated using Gausgianbitals with one set of Gaussian
functions at bond-center sité¢®ur orbital9, and bracketed values are runs with two Gaussiaight orbital$. E; was calculated by taking
chemical potentials of Si, O, C, and H from silicamquartz, diamond, and moleculap lgnvironments, respectively. The last two columns
are estimates of acceptor and donor levels relative to the band edges found as described in the text.

E E(—/0) E(0/+) E.—(—/0) (0/+)—E,
o} 1.809 (1.819
C 4122 (4056 7.073  (6.963 6.666  (6.603
CO; 4212 (4.1079 6.750  (6.73) 0.364  (0.408
COH-(R) 3.309 (3.28)) 7.506 (7.416 1.120  (1.093
C,OH-(0) 3.475  (3.33) 6.908 (6.865 0.265 (0.199
CO,H-(R)  3.923 (3.858 7547 (7.419 1.161  (1.096
CO,H-(0)  4.479 (4.308 6.859  (6.799 0.314 (0.265

gesting that the cell is sufficiently large to treat the isolateds similar to that used in the cluster method to predict donor
center. TheB tensor of aC,,, defect has one principal axis and acceptor level¥. It has proved very useful in anticipat-
lying perpendicular to the mirror plane which we take to being the single and second acceptor levels of Sn-V defects in

(101). The tensor has then three independent elements copl- Table Il shows that the calculate(0/+) energy for
responding to two independent principal values and on&iC: is 6.750 eV and lies 0.084 eV above that far. Gince
angle. the donor level of Clies atE,+0.28 eV, this places the

Four different strain tensoms,, e,,, €, ande,, were d(_)nor level of QOi atE,+0.364 eV in excellent agreement
applied to the unit-cell vectors and the atomic coordinatesWith the experimental value d&,+0.38 eV.
wherex, y, andz refer to the cube axes. The atomic posi- Convergence tests were carried out with respect to the
tions are then relaxed and the distortion enefdy found. number of sampling points, the real-space basis fl_Jnctlons,
The stress-energy tensor is then deduced from solving th@"d the energy cutoff for the plane-wave expansion of the
equationAE=Tr B- . Although only threeB;; are indepen- charge den_3|t§‘/.J Tal_:)le Il shows the effe_ct of additional bond
dent, the fourth element provides a check for the tracelesgenter basis functions on the formation energy ¢f G;,
condition. The principal directions and magnitudes of theCiOi, GOH, and GO,H neutral defects. The formation en-
tensor are found by diagonalization. The calculation of theedy of a neutral defect is defined in terms of the chemical
tensor has already been described for interstitial and substRotentialsu; of its constituents by
tutional oxygen defects in Si, and a comparison with ob-
served values shows that the errors in the principal values of E,=E(0)— 2 NP
the tensor are around 15%%. i

The donor and acceptor levels of a defect were calculated ) ) )
from the difference in total energies of charged and neutravhereE(0) is the energy of the neutral defect in a unit cell
defects, E(0/+)=E(0)-E(+) and E(—/0)=E(-) containingN; atoms of specieg Table Il demonstrates_th_at
—E(0), respectively. However, the energy of a supercellthe E¢, E(0/+), and E(—/0) have converged to within
composed of charged defects is divergent and even for a0-1 €V.Thus the donor level of G, found with the larger
neutral cell is conditionally convergent. In practice, a com-basis now lies aE,+0.408 eV or an increase of only 0.04
pensating homogeneous background charge is added to tRY over our previous estimate. Thus the estimates of the
supercell which removes terms in the total energy arisinglonor and acceptor levels have converged to about 0.1 eV.
from the long-ranged contributions due to the net charge,
dipole, or quadrupole momefit Thus only the difference in V. THEORETICAL RESULTS
E(0/+) between two such defects is physically relevant. We
therefore calculate the donor level of a defect, denoted by
(0/+), by comparinge(0/+) with the same quantity found In agreement with previous calculatiohse find that the
for a standard defect evaluated in the same supercell. Thground-state structure of;G; is one where both carbon and
acceptor level, denoted by—(/0), is found by comparing oxygen are threefold coordinated and form two vertices of a
E(—/0) for the defect with a standard one. For the standarding as shown in Fig. (b). The structure where the O atom
defect we take the carbon interstitial which has known donoties at the center of the dilated Si-Si bond, shown in Fig.
and acceptor levels &,+0.28 andE.—0.10 eV Clearly  1(a), relaxes spontaneously to the ring defect for both the
the method will be more accurate if systematic errors havaeutral and positively charged centers. The binding energy
been eliminated and this occurs if the wave functions of thébetween Cand Q is 1.7 eV and this large value is consistent
defect and standard have the same symmetry and range. Thigth the high thermal stability of the defect.
implies that the defect and standard should have similar lev- Table Il shows thaE(0)—E(+) for C,O; lies 0.08 eV
els and treated in the same-sized cell and basis. This methatbove that for €. Therefore a deep donor level lies By

A. C,0; complex
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+0.36 eV in agreement with the observed DLTS level at TABLE lll. Relative energies(eV) for five GOH structures
E,+0.38 eV® No acceptor or second donor levels werediffering in the attachment of hydrogen.(Rng) and O(open core
found. A Mulliken bond population analysis gives 25.4% andstructures where considered:H represent structures where the H
0.1% of spin density localized around the carbon and oxygeatom is bonded t&, whereX can be C, Si, Sk, or the O atom in
atoms, respectively. The first is in agreement with the 28.6%i9. 4. NS stands for not stable.

spin localization on carbon measured for G, addition,
the four Si atoms bonded to ;Sand S} in Fig. 1(b) share Core R o
about 15% of the unpaired spin density. The presence dfharge state  + 0 - + 0 -
oxygen rotates the $IC bond through 22 ° away from the
[010] axis. This is in excellent agreement with the angle o

fC-H 0.00 0.00 NS NS 0.17 0.00

0,=20°+5° that two of the principal directions of the 2'1: Ez Ez Ez 1N657 (')\‘:9 ON§3
13, . . . |- . . .
-hyperfine tensor make with the crystallographic axes. >2
C-hyp Y grap 293 289 232 NS NS NS

The principal directions of the calculated stress—energ)p'H
tensor are shown in Fig.(). The C;;, symmetry of the
defect implies that one principal directiéoorresponding to B. Interaction between GO; and hydrogen
the B, componentlies along[ 101] but the other directions
are rotated from thg010] and the{101] axes. For the posi- i hoth deep and shallow centers, displacing or eliminating

tively charged defect, the rotation angle is calculated to b?h : : :
o eir energy levels in the gap. Moreover, dangling bonds are
0g=22°, and the principal values of the tensor are 8.5, 2'3particuIarl?/yattractive sitesg fgr H attadR-5! ging

and—11.8 eV forB;, B,, andBj;, respectively. The angle ) "
arises from the perturbation to the structure caused by the The GO, defect, in the neutral- or positive-charge states,
ossesses one fully or partially occupigdike dangling or-

. . . _ p

%xgr?tegxggir?n :ﬁtslt gvisgl‘:;r? ee Smfggstﬁf;ﬁ:ﬁégsgf Sj Zlhgdn bital centered on the carbon atom. This is a likely place _for H
B, for G15 to be 8.6, 0.2, ane8.8 eV anddg=15°, and attachment as the cgrbon atom is then. saturated Iea_lvmg the
thus the model accounts well the observations. electrical activity confined to the sdangling bond. If this is

The LVM’s for the neutral and charged defects are showrPMPt; as in the positively charge defect, then a ring structure
in Table I. Of special interest are the oxygen-related modednvolving oxygen is likely to form in the same way as in
The highest of these lies at 760 cf—well below the asym-  CiO;. However, in the neutral or negative center, an anti-
metric stretch mode for interstitial oxygen at 1136 ¢m  bonding orbital will be occupied and we expect that the ring
This is a characteristic of the weakened bonds of overcoomill break. This would leave an occupied dangling bond or-
dinated oxygen relative to those in Si-O-Si. The oxygenbital on the Si radical near an oxygen atom in its normal
mode is very close to the observed band at 742.8%cihe interstitial bond-centered configuration. We call the ring
observed and calculate§O shifts are also very close, lying structure the R form and the open configuration the O form.
at 33.4 and 35.6 cit, respectively. Two carbon-related However, there are several other possible sites for H attach-
modes are calculated to lie at 1138 and 876 ¢ntlose to  ment. It could bond with silicon atoms Sand S in Fig.
the observed 1116 and 865 cibands. Their shift with*C ~ 1(b) or with the oxygen atom. The relative energies when H
demonstrates that they are carbon related in agreement wits in all these structures are given in Table Il for the
the observations. positive-, neutral-, and negative-charge states. Our conclu-

The four remaining low-frequency modes at 593, 556,sion is that H prefers to bond with carbon in all cases. How-
545, and 544 cm® have not been assigned previously. Theyever, as expected, the structure depends on the charge state
arise from vibrations of Si neighbors to the defect core andvith the R form lowest in energy for the positive and neutral
are properly described only when energy second derivativedefects and the O form in the negative center.
with these atoms are calculated directly from #ie initio In Fig. 4, a configuration diagram is shown for the defect.
program. In this sense they are similar to the lattice-inducedere, quoted values correspond to the results of the calcula-
band at 517 cm* due to interstitial oxygefl’ These modes tions, and the parabolic shapes are only schematic. In the
display very small isotopic shifts upon C or O substitution. neutral defect, the R form has the lowest energy while the O
Frequencies and isotopic shifts of the 544 and 545 tm form is metastable by 0.17 eV. By carefully mapping the
modes agree well with those of the measured 529 and 54énergy surface linking the two structures, we fin@.10 and
cm ! bands, supporting the assignment of the latter @0,;C ~0.27 eV barriers for ©-R and R—O paths, respectively.
(see Sec. Il However, the symmetry of the 556 and 544 In the positive-charge state, the ring form is again stable but
cm ! modes isB and in conflict with the claim that onlA  the O form is now unstable and relaxes spontaneously to R.
modes are detected as phonon replicas. According to group In the negative-charge state, however, the &ngling
theory, this is not actually the case foCay, defect, although bond is occupied with two electrons and a dative bond with
then the dipole matrix element must involve components parexygen cannot occur. Thus the ring form is unstable and
allel and perpendicular to the mirror plat@ vice versafor  spontaneously relaxes to the O form. Consequently the de-
the zero phonon line and replica, respectively. fect is bistable, taking the O form in the negative state and

In summary, the agreement between the calculated anithe R form in the positive case.
observed modes, their isotopic shifts, the energy level, and The dissociation energy of the R form intgfCand Q
stress tensor give convincing evidence for the ring structurelefects was estimated to be 1.4 eV. Once this dissociation
of CG;. has occurred, it is expected that the defects would be lost as

It is well established that hydrogen interacts effectively
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E(Q) eV

Q (arb. units)

FIG. 4. Configuration coordinate diagram forGgH. Atomic (1/4,0,0) I (0.1/4,0) (0,0,1/4) r
structures fqr O and R forms arg also shown. Gray, black, and white FIG. 5. One-electron band structure for bulk (& and the R
atoms are Si, C, and O, respectively. The small gray atom bonded ®rm of the neutral @H defect(b) folded in 64-Si atom super-
carbon is H. Quoted values were calculated by the total energyqs Al k vectors are in #/a, units, wherea,=5.390 A is the
method. calculated Si lattice parameter. Alignment of the defect is as shown
in Fig. 4. Solid and dashed lines represent occupied and empty
previous theory has indicated thafrCdiffuses faster than bands, yvhere the highest half-filled band is emphasized as a thick
C, .52 The dissociation path involving the release of H is °ranch in(b).
unlikely to occur. This is because the binding energies of H
with the GO, center are found to be about 2.5 eV. These The GOH complex has two paramagnetic states, with the
were calculated by moving ) or HO/*) from the defect R(® form more stable, and therefore, we investigated the
and placing it at an interstitial or BC sites, respectively. ~ character of the spin density by analyzing the Mulliken
We now consider the energy levels of the defect. Thes@opulations of the highest-occupied band of the neutral de-
were calculated for the R and O forms separately, as thedgcts.
are the ground states for the positive- and negative-charge N the R form, the Mulliken bond populations show only
states, respectivelisee Table ). The difference in energies ~0.5% and~0.1% of the spin density lying on C and H,
of 0(-) and I when compared with ¢~ and G(© (see and none on 'ghg oxygen atom. The vanishing spin den§|ty on
Sec. Il shows that the £/0) level lies atE.—0.27 eV. oxygen is striking and unexpected as the overcoordinated

This is not the thermodynamic level as the neutral O form joxygen atom Is the source of donor activity. We interpret this

reesult in the following way. The anisotropic defect creates a
compared with the 0.15 eV emission barrier measured for D oronpresswe stress alon.g the Q—Bo.nd Wh'Ch IS FOtated by
2° away from[010]. This stress will split the six conduc-

inthe D form(see Fig. 2 In the R form, the (0 ) level lies tion band valleys along cube directions, lowering the energy
atE.—0.05 eV. This demonstrates that the defect is a shaIE)]c the pair along 010] (the alignment of C-Siin Fig. 4

low donor in one form and a deep acceptor in the other. " i :
Using the 0.17 eV difference in energies of the two neutralrelat've to the other two paif. Figure 5 shows the band

: ; structure for the Si crystal folded into the 64-atom cell. The
fi)gmls e)\//leli(:]s e;E(eaIIetr?tegg?:gr?zmlCw;t((loihele(\(lsI Iez\i/teIEait conduction band minima for Si lie near the fold€gboints at

E.—0.11 eV for the D1 center described in the Introduction.* (27/80)(700). However, in the case when the defect oc-
These results are summarized in Fig. 4. If the charge stateupies the unit cell, Fig. 5 shows that the band close to the
of O(7) configuration is changed to become neutral, the eneonduction-band minima near-(27/a,)(030) is now
ergy drops 0.06 eV upon relaxation. The barrier fdP’R—  pushed downward into the gap which we suggest is due to
0 s about 0.27 eV while B is 0.17 eV more stable than the compressive stress of the defect al¢dg0). This strain
0. The inverted order of energy levels implies tHat leads to an effective-mass gap level localized on Si atoms
=E(—/0)—E(0/+)=—0.05 eV is negative. and this explains why the resulting state has so little ampli-
The bistability properties and electronic levels fqOgH tude on C, H, and O. In essence, the potential giving rise to
shown in Fig. 4 and those for the D1 defect shown in Fig. 2the gap state is due to stress and not the chemical identity of
are strikingly similar. Thus we identify the R and O forms the atoms making up the defect.
with the experimentally labeled H and D forms, respectively. The partial occupation of the strain-induced gap level is,
The experimental £ /0), (0/+) levels and H —D(® bar-  however, dependent on the presence of these impurities. The
rier energies are 0.11, 0.0426, and 0.15 eV, respectively. C atom is fully saturated and cannot lead to any donor activ-
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TABLE IV. Local vibrational modes and their downward isotopic shifts (&nfor the R and O forms of

C,OH, CO/H, , and CO,;H defects in the neutral charge state. FEDE and GO,;H , the first, second, and

third rows correspond to modes which are mainly localized on C-H, C, and O atoms, respectively. For

C,OH, , the second row gives modes localized on the Si-H unit, and the third and fourth rows list O- and C-

related modes. The last four frequencies in all defects correspond to modes mainly localized on Si atoms.

Starred values list the actual frequencies of modes of mixed character and not their isotopic shift.

Defect 2c, %0, H 2c, %o, H 3¢, %0, H 2c, %0, D
2754.4, 1072.3, 943.0 0.0, 0.3, 0.2 7.6,87,4.2 735.9, 978.5*, 782.3*
933.3, 752.7 1.3,5.1 22.1,11.2 740.9*%, 656.0*
C,OH 719.6 28.6 7.6 -1.6
R form 594.3, 563.3, 1.7, 4.5, 2.9, 0.6, 3.9, 0.9,
544.6, 530.5 02,15 0.2,1.0 6.4, 3.0
2767.9, 1027.4, 947.9 0.0,2.1,0.1 7.8,7.1,3.9 739.9, 924.5*, 815.4*
881.4, 790.1 0.3,0.1 21.0, 20.1 704.8*, 665.2*
C,OH 1009.7 427 0.9 -31
O form 639.7, 586.9, 6.4, 0.1, 0.2, 4.6, 0.1, 4.7,
549.1, 531.8 0.0, 0.1 0.2,0.4 47,32
2723.4, 1032.4, 964.1 0.0, 1.1, 0.0 7.6,9.0,5.1 727.7, 927.1*, 839.6*
1982.3, 772.5, 719.3 0.0, 0.0, 0.0 0.1, 6.0, 0.1 561.3, 701.8*, 672.1*
997.9 43.3 0.2 -25
C,OH, 878.9, 817.4 0.3,0.1 18.3, 16.0 634.7*, 586.3*
635.1, 588.0, 6.5, 0.1, 0.2, 3.7, 0.1, 1.5,
560.2, 534.0 0.0, 0.1 0.8,0.3 75,36
2730.5, 954.6, 943.6 0.0, 2.5, 0.9 7.6, 10.5, 13.7 729.7, 999.5%, 792.1*
1079.9, 756.9 0.5, 1.9 10.4, 17.3 737.7*%, 673.0%
C,OyH 1004.1, 811.3 44.6, 33.3 0.1,25 -0.1,-3.4
670.1, 569.5 12.1, 11.6 0.5, 1.4 2.1,1.0
593.0, 549.0 1.6, 5.8 3.4,0.1 4.0,0.4

ity. Consider now the trivalent oxygen atom. One of the elec-1010 cm ? for the O form where it assumes its normal bond-
trons in the lone pair on oxygen forms a bond with thg Si centered location. The C-H stretch mode lies around 2700
radical, leaving a single electron in an antibonding level. lfcm~1 while two wag modes are found around 1000 ¢m
this level liesabovethe gap state arising from the compres- gnq are split by about 80-100 ¢t Two carbon-related
sive stress of the defect, then the donor electron would droﬂwodes lie around 800 and 900 ¢ although these differ in

into the stress induced defect level and lose its oxygen pagpe o forms, and four other less localized modes lie close
entage. In this way, the lack of spin density on oxygen isto the Raman edge

explained. The explanation is similar to the origin and be- Calculations of*%0- and 3C-related isotopic shifts are

22}\:/;2;5401‘ the double-donor activity of the NL8 TDB) shown in the second and third columns of numerical data.
i The oxygen-related mode has shifts of 29 and 43 tin the

In the neutral O form, 30% of the spin density lies on theR 40 f In the deuterated licated
Si, radical. The wave function is composed of 15%and an orms. In the geuterated case, a complicated reor-
dering occurs, with a change in character in some of the

85% p (approximately parallel to[101]), respectively. , . ) o
Smaller spin densities of about 3% —4% lie on both Si atom&n0des. For this reason it has not been possible to give its
bound to Sj on the left-hand side of Fig. 4. Again, little spin downward isotopic shifts and Table 1V reports the calculated
density is found on carbon or oxygen. Finally, we note that inmode with starred values.

both forms the C-H bond is aligned alog§j10)—the same Of great significance is th#009.7-cm * oxygen-related
direction as the H-hyperfine interaction in D1. mode in the O form which shifts 3.1 ¢m upwardswith

We now turn to the local vibrational modes of the R anddeuterium. This is close to a mode observed for the D form
O forms given in Table IV. The first three rows give the of D1, described in the Introduction, at 1025.5 chwhich
modes localized mainly on C-H, C, and O, respectively. Onealso shifts 2.4 cm® upward with deuterium. We can now
of the most noticeable features is that the oxygen-relatednderstand this anomalous shift as arising from a coupling
mode is very sensitive to its bonding. In the ring structite  with the undetected C-H wag mode at 1027.4 ¢min the
form) its LVM lies around 720 cm? but this increases to deuterated defect, this wag mode shifts down to around 900
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cm ! and below the oxygen-related mode and hence the at-
tempted crossing leads to an increase in the frequency of the 1 1
oxygen-related mode. Oxygen-related modes usually possess
large effective charges while the wag and stretch modes due 2 (R) 2 (0)
to C-H have not been detected presumably because of the
low values of their effective charges.

In summary, the @©;H defect is bistable with donor and
acceptor levels close to the shallow thermal donor D1 defect. A ]
The thermal stability, negative- character, and vibrational (R) (0)
modes are consistent with an assignment to this defect which
is also known to contain H.

C. CiOjH, defect FIG. 6. Structures for ©,H considered in our study. Gray,

The interaction between the GH defect and a second H black, and white atoms are Si, C, and O. The small gray atom is H.
atom was also investigated. One would then expect that thB€lative energies are listed in Table V.

two H atoms would passivate the Si and C radicals, leadingnly 0.02 eV. However, the & form is now metastable by

to an inert defect. Indeed, among several alternative strug 56 eV compared with 0.17 eV for,G;H. This shows that
tures, the lowest energy one is where the second hydrogafRe thermodynamic €/0) level is now above the
atom binds to the Siradical in Fig. 4(O form) on the op-  conduction-band bottom and hence the defect can never be
posite side of the oxygen atom. The alternative, where Horepared in the negative-charge state. These results are sum-
binds to Sj nearby the oxygen, is 0.6 eV higher in energy. marized in Fig. 7. Thus ©,;H is not bistable.

There are then no donor or acceptor levels and the defect is Our conclusions are then that the ring form is stabilized in
fully passivated. The oxygen atom is bound tiigwith an  C;O,H which can only be a shallow donor defect. This is
energy of 1.4 eV, while the second H atom is bound with anconsistent with an assignment to D2, and therefore to
energy of~2.5 eV. STD(H)2, as this defect is not known to be bistable.

Table IV gives the LVM's for the defect. These are similar  The LVM's of the R are given in Table IV. The C-H
to the O form of GO;H , but there are three additional Si-H- stretch mode lies around 2700 Cfh well above a series of

related stretch and bend modes at 1982, 773, and 71$.cm strongly coupled C-H modes. Two O modes appear at 1004
The O mode is now close to 1000 ¢ty reflecting its diva- and 811 cm?, consistent with the presence of a divalent and
lent character. The lower carbon mode at 817 énis  trivalent oxygen. Modes around 600 calso shift consid-

pushed up by Coup"ng with the Si-H wag modes. As for theerably with Y0 substitution. These are similar to a low-
singly hydrogenated complex, deuteration results in a crosequency pair also found in the interstitial oxygen
over and mixing of several modes. The C-H mode at 103&limer.%>>%
cm ! falls below the oxygen mode which is consequently

displaced upwards from 998 to 1000 ¢chin a similar man-

ner to the GO;H defect. Absorption bands produced by the@G(® defect have
been studied in detail. FTIR data were obtained from Si

VI. CONCLUSIONS

D. C,0,H defect

We briefly describe the effect of adding a second oxygen 1 1
atom to GO,;H. There are now a greater number of candidate
structures, but among those investigated, the ones with thi 5 (0) 5 (R)

additional O atom lying in the same Q1) plane as ©, are
energetically favorable. Several ritB) and openO) struc-

tures have low formation energies and are shown in Fig. 6.
The O structure was proposed previously as a candidate fot
a H-related shallow thermal dontr!® >

The energies of all these forms are listed in Table V. De- —~
fects in the positive-, neutral-, and negative-charge state&
were considered. Once again, the R form is found to be the™-
ground-state configuration for the neutral- and positive-
charged states, whereas the O form is stable in the negative
charge state. Forms’Rand O are metastable by 0.5 eV, Q (arb. units)
with a slight preference for the asymmetric R form. '

The electronic levels were evaluated for the R and O F|G. 7. Configurational diagram for the @,;H defect. Dashed
forms. Again, the former is a shallow donor with a calculatedpotential curves indicate that the O form is unstable under thermo-
level atE.—0.01 eV. The O form has a deep-(0) level at  dynamic equilibrium—the (©,;H complex is a single shallow do-
E.—0.3 eV, and the barrier for the ® —R© transitionis  nor.
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TABLE V. Relative energiegeV) for four GO,H structures R, state has a divalent oxygen atom—whereas in the positively

O, R, and O shown in Fig. 6. NS stands for not stable. charged defect the oxygen is overcoordinated. The effective

ionization correlation tern is negative and a shallow donor
Charge state + 0 - level lies 0.05 eV above a deep acceptor.

None of the calculated levels are in agreement with an

R 0.00 0.00 NS assignment to the hole trap H4 B+ 0.281° On the other
O NS 0.56 0.00 hand, the @O;H defect has similar properties to the first
R’ 0.37 0.45 NS species of a family of shallow donors, labelei Dfound in
o' 0.61 0.56 NS irradiated St*?'~?°D2 and D3 have been associated with

the shallow thermal donor defects S{HD2 and

16,21 H
samples doped with three combinations of dominant oxygery | 2(H)3. 7" The energy levels, the oxygen related vibra-
and carbon isotopes, including the effect §0. We found tional mode, and its shift with hydrogen are all consistent

that the IR activity from the (), defect can be divided into With an assignment of G;H and GO, H with D1 and D2,
three sets of bands classified according to their isotopit€SPectively. The negligible spin densities on C, H, and O

shifts. The carbon-related 1116 and 865 dnbands. the and the alignment of the C-H bond alofi@1] are consistent
oxygen 742 cm® band, and the four low-frequency 585, with ENDOR results. However, to our knowledge, ndND

550. 540. and 529 cht bands. where the 585 and 540 ¢ defects have been detected in H plasma or wet chemical
bands, have not been reported previously. Of particular inter‘—emh(ad and irradiated Qz—S| samples. Moreover, the presence
est is the position antfO isotopic shift observed for the 742 of carbon and oxygen in the defects remains to be verified by
cm™ ! band(33.4 cm 1), much less pronounced than that of a spectroscopic technique._According to the c_alculati_ons, the
O, (51.4 cm 1).% There is evidence for absorption bands 97°Und state for the effective-mass®Rdefect is localized
with similar character related to the thermal double donors i & strain-induced gap !eyel mainly localized on Si atoms.
Si. These lie at~720 cnt® and shift by ~24 crit in he donor character originates from thg overcoprdlnated
oxygen atom which possesses a level higher up in energy.
The electron in this level then falls into the strain-induced
gap level. Thus the character of the spin density of the donor
level does not reflect its oxygen parentage and this is consis-

The calculations have shown that theOCdefect has a . .
. - . - tent with the ENDOR studies. Thus, as for the NL8 thermal
ring structure involving an overcoordinated oxygen atom'double-donor defects, the chemical composition of the D

The weak oxygen bonding then leads to the highest oxygen- . iy .
related vibrational band lying around 720 ¢fand far from and S-[.D(HN families may be difficult to determine by
the 1136 cm?! band of interstitial oxygen. This supports magnetic resonance.

previous studies of the defett’ This mode is relatively Finally, we point out that other STD models could be

unaffected when H is added to the defect and appears to beogtained by substituting the; €1 unit in GO,H defects by a

signature for this type of oxygen. All seven observed banogro.Up'III atom' or indeed, & complex V.V'th equwglent coordi-
frequencies and their isotopic shifts are remarkably well depatlon. In particular, Al ar!q N;g“e obvious candidates for the
scribed by the model. The calculated donor level and energygTD(Al) and STDK) families:
stress tensor are also in good agreement with the measured ACKNOWLEDGMENTS
values.
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