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Divacancy-tin complexes in electron-irradiated silicon studied by EPR
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n- andp-type float-zone silicon containing ¥ocm™? tin were irradiated with 2 MeV electrons to a dose of
10*® cm™? and subsequently examined by electron paramagnetic reso(&RBe The p-type material yields
only the well-known Si-G29 signal due to the tin-vacancy complex Snyhereas the as-irradiatestype
material in addition displays the Si-G7 signal M DK4, recently assigned to SnVin a set of slightly
inequivalent configurations, and a new signal DK1, from a defects $4tl1/2 containing one tin nucleus.
DK1, which we assign to (SnV-V), undergoes a reversible triclinic-monoclinic transformation=dts K.
Annealing at 428 K removes Si-G29 and DK4 and produces a six-fold increase of Si-G7 and DK1, the kinetics
indicating that about 50% of SnV is transformed intp &hd(SnV-V). Annealing at 503 K destroys Si-G7 and
DK1, the decay of DK1 being linked to the emergence of two new signals DK2 and DK3 from defects with
S=1/2, monoclinick symmetry, and two equivalent tin nuclei each, which we identify as (SnV-Vamd
(Sn,V-V) ~. The structures of the tin-divacancy complexes are discussed in terms of modifications imposed on
the basic divacancy structure by the larger size and lower ionization potential of the tin atom as compared to
silicon. A model is proposed for the migration 8nV-V) in the lattice at 500 K, indicated by the process
(SnV-V)+Sn— (SnV-VSn.

[. INTRODUCTION position between two empty lattice sites, the complex thus
constituting a divacancy with a tin atom in the center. Deep
Point defects produced in silicon by electron irradiationlevel transient spectroscopy measurements by Watkins and
have been studied for about four decades. As a result of thifroxeP showed that SnV has two levels associated with
effort, a quite complete understanding has developed oflouble- and single-donor states, respectively. A quantitative
simple intrinsic defects such as the monovacantgnd the  conversion at~200 K of the radiation-produced monova-
divacancy'® as well as of many impurity-vacancy com- cancies into SnV was observed in that study, demonstrating
plexes, interstitial impurities, and other extrinsic defects.directly the efficient trapping of vacancies by tin. So far,
Much of the structural information has been obtained bySn\P is the only tin-related defect identified in silicon.
electron paramagnetic resonaE€R) spectroscopy and the The observed efficient formation of impurity-vacancy
related electron-nuclear double resonafE®&IDOR) tech-  complexes like SnV is linked to the mobility of the monova-
nique. Thus, EPR and ENDOR studies have led to convinceancy, which, as pointed out by Brower 30 years ¥galso
ing models of the monovacancy trapped by the substitutionaduggests that impurity-multivacancy defet¥,, may arise
impurities phosphoru¥, arsenict’ antimony’ boron!®!® by successive trapping of vacancies at the same impXrity
aluminum?® germaniun?! and tin?22and by the interstitial  This process is strongly exergonic owing to the large binding
impurities oxygerf*~2¢ cromium?’ and iron’® The isoelec-  energy of multivacancies1.6 eV for the divacancy) and
tronic impurity tin, which is studied in the present work, hasmay be expected to occur with a substantial probability dur-
come to be considered one of the most efficient traps folng or after irradiations with neutrons or ions, because the
vacancies in silicon since the early infrared absorption meabigh local concentrations of vacancies produced invariably
surements performed by Brelot on electron-irradiatedead to coagulation into multivacancy structures. Accord—
Czochralski-grown samplé&3® The presence of tin was ingly, Brower could assign three oxygen-dependent EPR sig-
here observed to reduce the yield of the oxygen-vacancals (Si+2, P4, and P5), observed in crucible-grown sili-
complex VO (the A centey by a factor of 13. Moreover, CON after neutron irradiation, to di- gr)d tri-vacancies
annealing of the tin-doped samples at about 200°C in&ssociated with oxygeif. Somewhat surprisingly, however,
creased the concentrations Afcenters and divacancies, a No further impurity-multivacancy defects in silicon were re-
result interpreted as reflecting the release of the vacancig¥rted until the recent identificatidhof HVS and HV3 in
trapped by tin. Similar results were obtained by SvenssoRroton-implanted float-zone material. In these defects, the
et al3! EPR studies by Watkifé?® revealed that the tin- hydrogen atom is strongly bound to one of the silicon atoms
vacancy complex SnV has several unusual properties. ThuBordering the multivacancy, thus forming a Si-H unit, which
the neutral charge state (SH\has a spin triplet ground state is isoelectronic with the phosphorus atom. This observation,
and is therefore observable by EPR. Moreover, unlike othegombined with the striking similarity of the g tensors of BV
substitutional impurities, which remain near the lattice siteand HV3 with those of the B2 and H10 centers observed
when trapping a monovacanty;?! the tin atom in Sn¢  earlier in nitrogen- and phosphorus-implanted siliéoand
moves towards the vacancy and occupies a “bond-centerin neutron-irradiated, phosphorus-rich silicBrespectively,
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led to the proposal that B2 and H10 could both belong to ahermal and light-induced transformations of the defects are
family of homologs of theE center (PV) consisting of pla-  discussed in Sec. IV, and Sec. V summarizes our main re-
nar multivacancies with a group-V atom as neighbor in thesults.
plane. Hence, the formation of impurity-multivacancy com-
plexes could simply have been overlooked so far. [l. EXPERIMENTAL DETAILS

In contrast to irradiation with heavy particles, electron . . o :
irradiation of silicon creates only a modest density of vacan- The investigated samples were float-zone silicon contain-

. . o o - -~~~ ing tin enriched to~85% °Sn. The concentration was de-
cies that survive the initial recombination with interstitials, . .
implying that subsequent coagulation hardly produces multi:[ermmEd by secondary ion mass _spectroscopy tq$m}
=1x10"®cm 3. The n-type material was doped with 5

vacancies beyond the divacancy. Moreover, since the pres-- 16 . 3 : X 6 . 13
ence of vacancy traps like tin suppresses the formation % 10 cm P’. and t_hep—type mgterlal with I 10.1 cm
From the intensity of the infrared absorption line at

divacancies, we may assume that although the impurity= 1 . oo
’ 607 cm - ascribed to substitutional carbon, the carbon con-
vacancy complexxV may well be a deeper vacancy-trap centration was estimated to bexa0' cm 3. Discs of thick-

than X itself, the successive trapping of two vacancies at theness 2 mm cut parallel @01) were irradiated at room tem-
same impurity is an unlikely event until a substantial fraction P

of the amount ofX has already trapped one vacaritry fact E’(elrg}gre V\f'tzh F2 Mtﬁv e:jgctronIEsPF;O a Idose of .1
the only hint of a formation of an impurity-divacancy com- e cm “. From these discs Samples measuring

L o approximately & 4x 2 mn? were cut with faces parallel to
plex by electron irradiation stems from amtype silicon ;
sample, in which all the phosphorus donors had been trané—llo) and(010 and sub_sequintly Ztc]!qed with Hy@nd HF
formed intoE centers, see footnote 27 of Ref.)1Blence, as to remove paramagnetic surface gefects.

long as the impuritieX outhumber the vacancies produced EPR spectra were recorded with a Bruker ESP300E spec-

the irradiation builds up a store of trapped monovacancie§,rorneter operated aX band (9.3 GH2 in the absorption

which eventually participate in the making of new defectsmSOIEHThe statlctmar?netlcflelldtyvas m(r)]dulated attlo_O kt?_zgr
when they become mobile in the lattice at some temperaturg: Z, Zxct:ept' when resom: '0%%27 ?nc;(;n}en Vlath Ird-
typically within the range 400—500 K. The impurity-vacancy .alr(;nonlg | (i.ec ;on was empioy tt. 33nkH a ﬁ.?si’] EePR
complexes may either remain bound at this stage and migra{ée rlno u adlotn Ieguetn%gvza se_”? Kz whi ef e

by alternating dissociations and recombinations, as propos gnal was detected at Z. The microwave frequency
for the E centerst? or they may dissociate completely, yield- 0 and the mag_netlc fiel, were monitored continuously
ing “free” monovacancies, as assumed for SnV to accounf"”th an electronic counter and an NMR gaussmeter. _

for the thermal formation oA centers and divacancié¥:*! Sample temperatures in the range 5-300 K were obtained

Even in the latter case, however, the monovacancies are uW'th an APC Heli-Tran liquid-helium fiow cryostat. The

bound for only a small fraction of the time: Owing to the low samples_ were attached with epoxy resin to a_snver(ﬂ)a
barrier for migration of the monovacancy=0.3 eV, Ref. 1 mm in diameter, 60 mm longhat was screwed into the cold

compared to the binding energy of the impurity-vacancybIOCk of the cryostat and thermally shielded by a thin-walled,

complex &1 eV), the escaping vacancies virtually jump S|Ive(ed _brass tbés mm in diametex A quartz tube(10
from one impurity atom to another. Accordingly, most of the mm in diameter serving as a vacuum shroud allowgd the
vacancy-vacancy encounters implied by the production of@MPIes to be centered in the room-temperature cavity. The
divacancies probably occur at the impurities when vacancie§@mples were mounted on the @1face, i.e., with[110]
happen to jump to impurity atoms that are already occupiedglong the axis of the cryostat-cavity assembly. The magnet
This immediately suggests that impurity-divacancy com-could be rotated about this axis, thus caudfiygto scan the
plexes may also arise from such encounters. In the prese(110) plane. By means of the extreme anisotropy of the
EPR study of electron-irradiated float-zone silicon contain-Sn\* signal,B, could be aligned with any of the three main
ing tin a thermal formation of the tin-divacancy complex axes[001], [110], and[111], lying in this plane, to within
SnV, is observed to occur in parallel with the formation of 0°.05. The temperature of the cold block was monitored and
isolated divacancies when the tin-monovacancy complexontrolled by a calibrated 4Ga _,As diode in conjuction
SnV decays at=430 K, indicating that a vacancy liberated with a Lake Shore 330 temperature controller. No difference
from one SnV can indeed become trapped at another. Likbetween the temperature of the sample and that of the cold
SnV, Sn\, has unusual properties: The negative charge statelock was found by earlier measurements in the range 2.8—
observed by EPR exhibits a change of effective symmetnB0 K with this setup® However, because fairly large
from triclinic to monoclinict, associated with a rapid motion samples are used here, the exposure to thermal radiation
of the tin atom, at a temperature as low as 15 K and, morefrom surfaces at room temperature may create temperature
over, the whole defect becomes mobile in the lattice at 50@radients leading to a mean sample temperature a few de-
K, which eventually leads to formation of the di-tin- grees above the block temperature. Sample temperatures
divacancy structures SnV-VSn and,$hV, also observed from 100 to 570 K were obtained with a Varian variable
by EPR in their negative charge states. temperature device employing g §as flow, as described in
The remainder of the paper is organized as follows: SecRef. 33.
Il contains the experimental details; in Sec. Ill, we describe The spin Hamiltonian parameters representing the EPR
the new EPR signals from tin-related defects and interpresignals discussed here were derived from the line positions
the structural information conveyed by the observed spirmeasured foB, aligned with the three main axes. Tige
Hamiltonian parameters within the framework of the well- tensors and the hyperfine tensors associated ##n were
established models of the divacancy and of $nvhile the  obtained by an iterative numerical procedure based on first-
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order perturbation theory. The final set of spin Hamiltonian i 1 r
parameters was in each case checked against an angular scan vy = 9.149 GHz

in the (110) plane, recorded at 5° intervals. The hyperfine
tensors describing the positions of satellite lines arising from
29Si nuclei were taken from the outset to be axial with the
unique axis along 4111y axis, so that only two parameters
per tensor, rather than six, had to be determined. This turned
out to be an adequate approximation. We determined the
remaining parametersig, Ax=Ay) by trial and error, cal-
culating in each step the entire EPR signal Byralong the
three main axes.

An estimate of the concentration of Shwas obtained by
means of a Si:P reference. From mtype float-zone Si wa-
fer (300 um thick) with a phosphorus concentration of 5.7
X 10* cm™3, determined by capacitance-volta@V) mea-
surements, a slab was cut to match the large face of the
sample and glued with epoxy resin onto the sample. The
resin was cured at 100 °C for one hour to ensure a very good
thermal contact between sample and reference. The EPR sig-
nals of SN\ and P were measured fdB,|[[ 110] at 20 K. A
low-microwave power level (0.63W) was employed to
avoid saturation effects. The relative intensities of the signals
were determined by numerical double integration. Taking | | |
into account the different masses of sample and reference, 570 280 590
and the very different transition matrix elements of the $nv MAGNETIC FIELD [mT]
and P signals, and correcting for the fact that the EPR tran-
sition of Sn\? observed aX band forBy||[ 110] connects the FIG. 1. EPR signal Si-G29 (SHy obtained from an as-
two upper levels of the triplet state, we obtain a measure offradiated n-type sample at 15 K witiBg|[(003) (curve a. The
the concentration of SriVin the sample based on the C-V microwave power was 3.2 mW. Hyperfine splittings arising from
measurement on the reference. 11%n and?si, which both have nuclear spir=1/2, are indicated.

Annealings in the temperature range 300-570 K were carCurve(b) is a simu_lation calculated from the spin Hamiltqnian pa-
ried outin situin a N, flow, whereas annealings at higher rameters reported in Ref. 28ee Table)l and the assumed isotopic

temperaturegwhich destroyed the epoxy regjwere made composition of tin: 87%'°Sn and 13% even isotopes<0). The
ex situin an Ar flow peak-to-peak linewidth is 0.5 mT.

FIRST-DERIVATIVE EPR ABSORPTION SIGNAL

|
300

means of the ratio of the nuclear moments indicates a negli-
gible abundance of'’Sn, which is the only other stable iso-
A. EPR signals tope of tin with nonzero spin. By comparison with the Si:P
reference, the concentration of Shwas found to be3(1)
X 10'® cm™3, leading to an introduction rate of 0.03 ¢t

As expected from the previous studies cited above, théor this defect.
Si-G29 signal (Sn¥) dominates the EPR spectrum of the  Owing to the largeD-tensor of SnV, the G29 signal is,
as-irradiatedn-type samples. This signal, recorded at 15 Kfor most orientations 0By, located outside the spectral re-
for By||(100), is shown in Fig. 1a). At this orientation 0By, gion characteristic of defects with=1/2 andg values near
only one group of lines is observed, corresponding to the. Here a strong, apparently isotropic line appearsyat
electronic transition M: 0 < +1 in the high-field limit(cfr. =2.003@1). Theline, which is observable at room tempera-
Fig. 4 of Ref. 22. The pair of strong outer lines arise from ture, has two pairs of fairly intense satellites. Twealue and
hyperfine interaction with'°Sn nuclei {=1/2), whereas the the satellite splittings coincide with those reported for an
central line represents those defects containing an even isonidentified cubic defect labeled generalized gradient ap-
tope of tin ( =0). The pairs of satellite lines located sym- proximation(GGA)-2.3° The recent observation that the sig-
metrically with respect to the main lines stem from hyperfinenal contains hyperfine satellites ascribablet€ nuclei in
interaction with2°Si nuclei ( =1/2, abundance 4.7pccu-  two equivalent, trigonal sites, and that théensor has a tiny
pying six equivalent silicon sites. The intensity of the outertrigonal component, enabled us to identify GGA-2 with the
lines relative to that of the central line is an accurate measurgegative charge state of a pair of substitutional carbon atoms
of the isotopic composition of Sn. The simulated signal,in nearest-neighbor position, denoted\C, in agremment
shown in Fig. 1b), was calculated from the reported spin also with the results ofib initio calculations on a set of
Hamiltonian parameters pertinent t°Sn\° (Ref. 22 with  plausible model§°
the admixture of the signal corresponding to 13% even tin Cooling the sample in the absence of light makes the G29
isotopes. From the close fit to the experimental curve wesignal appear at 120 K, but does not change the central part
conclude that the abundance 3fSn is 87%. The absence of of the spectrum appreciably. However, upon illumination
lines at the spectral positions predicted f&'Sn\° by  with a flash of light at any temperature below 170 K, a strong

Ill. RESULTS AND DISCUSSION

1. As-irradiated samples (n-type)
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! ' which suggests that the splitting within the groups could
Vo= 9.136 GHz arise from ag tensor with monoclinid- symmetry. Both sug-
gestions were confirmed by a full angular scan of the spectral
positions in the(110 plane. The spin Hamiltonian param-
eters derived for DK1 are listed in Table I, and a simulation
of the signal based on these parameters is shown as grve
in Fig. 2, whereas curve) depicts the Si-G7 signal (), as
simulated from the reported paramet&tgnd curve(d) is
b the calculated full spectrum. At the employed microwave
power, the residual GGA-2 signal is strongly suppressed by
saturation and has therefore been left out. When the tempera-
ture of the sample is further decreased, the site-degenerate
lines of the DK1 signal forB|[(110) first broaden (at
~15 K) and then each split into two componentsi0 K.
This process, which is illustrated in Fig. 3, reflects a transi-
tion from monoclinict symmetry at 40 K to triclinic sym-
metry at 8 K. The spin-Hamiltonian parameters representing
the triclinic signal 4 8 K are included in Table I, and the
corresponding simulation is shown as cufdgin Fig. 3. We
d note that the signs of the principal values of the hyperfine
tensorAS" could not be determined. However, the relation-
ship between the monoclinic and triclinic spin Hamiltonian
discussed below allows the conclusions that all principal val-
3 7 5 38 ure]s havefthe samte sign. AE)paI\rt frcz)cr)n Kthe templ_era:ure-indL;ced
change of symmetry seen below , @ peculiar temperature
MAGNETIC FIELD [mT] dependence of thé'%n hypefine tensor is observed in the
FIG. 2. Curve(a): EPR spectrum of an as-irradiatedtype temperature range 15-120 K: as shown in Fig. 4, the abso-
sample, recorded witlBy|[(110) at 40 K after illumination with  lute values of the principal hyperfine components quite un-
band-gap light. The microwave power was 2. The signals expectedlyincreasestrongly with increasing temperature, at-
DK1 and Si-G7 dominate the spectrum. The position of the GGA-2taining a maximum value at about 70 K, and then decrease
signal is indicated. Curve®) and(c): simulations of DK1 (SnY) rather sharply. In contrast, the princigalalues are constant
and Si-G7 (V) calculated from the spin Hamiltonian parameters within the limits of error up to 70 K and then decrease
(Table ) with a Lorentzian line shape of peak-to-peak width 0.14 slightly with increasing temperature, the average reduction at
mT. Curve(d): sum of DK1 and G7 verifying the decomposition of 120 K beingAg=0.0005. The curves of Fig. 4 have a shape
the experimental spectrum into these components. resembling that of the temperature dependence reported by
Watking® for the fine structure parametes of Sn\° (see
signal, which we label DK1, emerges along with the Si-G7Fig. 3 of Ref. 23. However, since thé!°Sn hyperfine split-
signal arising from the negative charge state of the divacanciing of Sn\ exhibits no anomalous temperature dependence
(Vz_).10 Moreover, the intensity of a group of closely related similar to that of Sny , the underlying mechanisms cou-
weak signals, collectively denoted DK4 and assigned tqling the electron spin to the atomic motion are probably
SnV~ (Ref. 41), increases by a factor of about six. The flashdifferent in the two cases.
of light simultaneously reduces G29 and GGA-2 by 40% and Pairs of weak satellite lines ascribable to hyperfine inter-
90%, respectively. The simultaneous growth of DK4 and deaction with 2°Si nuclei are observed in the DK1 signal both
cay of G29 have been shofifrto reflect a simple transfor- for the triclinic and the monoclinic configuration, as apparent
mation of SnV into SnV . The light-induced spectral from the curvesa) of Figs. 5 and 6, which show the signals
changes are all reversible: warming to room temperature reecorded withB,||(100) at 8 and 70 K, respectively. At 8 K
stores the initial state of the sample so that only G29the signal displays four pairs of satellites, which are indi-
GGA-2, and weak DK4 signals are detected upon subsequepéted at the left-hand side of cur¢@, Fig. 5. The satellites
cooling in the dark. correspond to?®Si nuclei at four inequivalent sites. If this
The EPR spectrum recorded at 40 K wily|[(110) is  signal is recorded with resolution enhancement, two addi-
shown in Fig. 2a). For this orientation 0B, the DK1 signal tional pairs of satellites emerge close to the main lines. How-
consists of two groups of four strong lines each, separated byver, the corresponding lines were poorly resolved for
about 6.5 mT, and a corresponding weaker group of fouB||(110), so that the anisotropy of the splittings could not be
lines at the center, partially obscured by the strong lines bedetermined. At 70 K, four pairs of satellites are also present,
longing to V, . Comparison with the intensity pattern of but they overlap foB,[{100). Resolution enhancement did
lines associated with'°Sn and the even tin isotopéBig. 1)  not bring out additional satellites at this temperature. The
immediately suggests that the separation of the groups ofatellites represer®Si nuclei occupying three distinct pairs
strong lines reflects the hyperfine interaction with a singleof equivalent sites related through reflection in the mirror
11%n nucleus. Moreover, each group of four lines displayglane of the defedwhich is now monoclinitand one single
the intensity ratio 1:2:2:1, indicating that two lines are dou-site. The observed position of the satellite lines may be rep-
bly site degenerate for this particular orientation By, resented by the inclusion of a set of axial hyperfine tensors

FIRST-DERIVATIVE EPR ABSORPTION SIGNAL
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TABLE I. Spin Hamiltonian parameters of divacancy-tin complexes discussed in the present work. For
comparison, those for )/ and for Sn\? are also included. The principal values of the hyperfine interaction
tensors, given in MHz, refer t6'°Sn and?Si nuclei. Limits of error given fog and AS" are the standard
deviations characterizing a least-square fit to the observed line positions. Those giwehdoe estimates.

Term DK1 DK1 DK2 DK3 Si-G? Si-G2¢
Snv;, Snv;, SnV, a SnV5 b V5 sn\P
(8 K) (70 K) (100 K) (35 K) (20 K) (20 K)
S 1/2 1/2 1/2 1/2 12 1
Ox 2.009988) 2.002904) 2.0009%8) 2.00762)  2.0135 2.0025
g Oy 2.012588) 2.0125%4) 2.014046) 2.00632)  2.0150 2.0025
o 2.001138) 2.008124) 2.007445) 2.00022)  2.0012 2.0107
$,0,y° 8266591054  0,19.80 04240 0-760 0-610 0-54.74,0
|Ay| 174.75) 178.13) 244.45)4 1321)° 393
AS" |Ay| 160.15) 180.23) 246.94) 87(1) 393
|A;| 149.25) 166.32) 230.93) 100(1) 374
6,0,4°  77.2,39.1,74.0 0,442,0  ©38.6,0 —41,20,48 0,54.74,0
AS A=Ay —205(2) —99(2) —-81(1) -171.9 —-68
A, —2892)" -1382)9¢  -1121)" -241.8 —99
A5 A=Ay —10013) -71(2) —27(1) —29.2
A, —1323) —-1032)9 —45(1)" 35.9'
AS Ax=Ay —38(5) —71(3) —18(1) 16.8
A, —67(5)f —85(3) —22(1)" 26.3'
AS Ax=Ay —73(3) —22(3)
A, -98(3)' —37(3)9

@Data from Ref. 14.

®Data from Ref. 22.

‘Eulerian anglesp, 6, (in degreey defined in Ref. 42, specify the principal axeéY(2) for one of the 24
orientations of the defect with respect to a reference coordinate system withilzb@} [110], and[001].
With this choice of reference systeéhis the rotation angle fromi001] to Z. For terms with(110) mirror
symmetryX coincides with[ 110], and ¢= =0, [111] has 6= —54.74. Equatior(4.47) of Ref. 42 gives
the coordinates oK, Y, and Z in the reference coordinate system as functions of the Eulerian angles
(¢,6,4).

dAfn: Agn_

®AS"is the mirror image ofAJ", having ¢, 6,=41,20;- 48.

fone silicon siteZ|| [111].

9Two equivalent silicon sites, one withj| [111] and the other wittz|| [111].

"Four equivalent silicon sites, two with| [111] and two withZ|| [111].

"Two equivalent silicon siteZ nearly parallel tg111].

ISix equivalent silicon sites.

kOne silicon siteZ|| [111].

'One silicon siteZ|| [111].

AS' in the Spm Hamiltonian, each with the un|que axes par_agreement obtained between calculated and observed Sp'lt-
allel to one(111) axis. This suggests that the electron spintings may be judged from the simulations included as the
distribution can be expressed in termssgf-like combina- ~ curves(b) in Figs. 5 and 6.

tions of atomic orbitals on the silicon atoms, in which case
all principal values of eachA™ have the same sign. The
principal values are listed in Table | with negative sign be- Annealing of the irradiated samples at 500 K removes the
cause the nucleay factor of 2°Si is negative, and positive- G29, G7, DK1, and DK4 signals, and generates two signals,
spin populations on the silicon atoms are anticipated. Thavhich we label DK2 and DK3. Both are observed at low

2. EPR signals produced by annealing
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& o 150F = A, .
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= TEMPERATURE [K]
L
E FIG. 4. Temperature dependence of t#sn hyperfine param-
2 T=8K eters of DK1 (Sny) above the triclinic-monoclinid- transition
™ (Simulation) temperature
d :
| | | | | n
| | | | Vg = 9.140 GHz
322 324 326 328 T=8K
MAGNETIC FIELD [mT]
FIG. 3. Temperature dependence of the EPR spectrum shown as §
Fig. 2, curve(a), indicating that DK1 (SnY) undergoes a transi- G
tion from monoclinict symmetry at 40 K to triclinic symmetry at 8 -
K. The most intense lines at 40 Kcurve (a)] broaden at 15 K 8 a)
[curve (b)] and split at 8 K[curve(c)]. Curve d is calculated from & e
the triclinic spin Hamiltonian parameters determined at 8Tgble 2
I) and a Lorentzian line shape of width 0.17 mT. aQ
[ang
o
sample temperatures only. DK2 is well resolved and has a
nearly temperature-independent linewidth below 120 K. In =
contrast, the linewidth of DK3 is large at 100 K, but de- <\ b
creases markedly down to about 40 K. This difference allows m
DK2 to be observed at 100 K without significant interference e
from DK3. Moreover, the intensities of the two signals re- 2
spond differently to illumination of the sample at low tem- v
perature: a flash of light increases DK2 by a factor~a3,
whereas DK3 is unaffected by the light. Accordingly, neat
representations of either DK2 or DK3 are obtainable by sub-
traction of spectra obtained before and after illumination of | | | | | | |
the sample. The signals obtained fy{(100 are shown as 318 322 326 330 334

curves(a) in Figs. 7 and 8. Both signals represent defects
with S=1/2. The signals comprise five groups of intense
hyperfine lines displaying the relative positions and the in-

pic composition. For DK2 each of the four outer groups is a
pair of lines with the intensity ratio 1:2, which indicates that
the g tensor as well as the tenso¢§“ (i=1,2) describing
the hyperfine interaction within thE"°Sn nuclei at least have

MAGNETIC FIELD [mT]

FIG. 5. Curve(a): EPR signal DK1 (SnY) recorded at 8 K

tensity pattern expected for defects containing two tin nuclePith Bol(003) showing the**Si splittings of the triclinic configu-
at equivalent positions, taking into account the actual isotofation of Sn\; . The signal was recorded after illumination with

band-gap light, and the spectrum obtained before the illumination
was subtracted to eliminate spurious lines from weak signals that
are insensitive to light. At left, satellite lines arising frof?si nu-
clei in four inequivalent sites are indicated. Curfig: simulation
calculated from the spin Hamiltonian parametéFable ) and a

monoclinicd symmetry. An angular scan in th10 plane | yentzian line shape of width 0.17 mT, chosen to fit the shape of
showed that the symrgetry Ofs the tensors is indeeqnhe satellite lines. At the employed microwave power level
monoclinici. Moreover,A7" and A" are equivalent foall (20 uW), the signals G7 (¥) and GGA-2 are virtually absent at 8
orientations 0By, implying that the sites occupied by the tin K because of saturation. The mal#®Sn hyperfine lines of DK1
atoms are connected by inversion symmetry, from which weand, in particular, the central pair of lines display some saturation
in turn deduce that the point group of the defect associateflroadening.
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FIG. 6. Curve(a): EPR signal DK1 (Sny) recorded at 70 K FIG. 7. Curve(a): EPR signal DK2 (SgV, @) recorded after
with Bo|(001), showing the?%Si splittings of the monoclini¢-con-  illumination at 100 K withB||{001), 6.32 mW microwave power,

ﬁguration of Sn\£ The Signa| was recorded after illumination and with resolution enhancement by the means of third-harmonic
with band-gap light and the spectrum obtained before the illuminadetection. The central group of strong lines contains additional sig-
tion was subtracted. As a consequence, the GGA-2 signal, which Rals. Curve(b): simulation calculated from the spin Hamiltonian
suppressed by the illumination, appears with a phase opposite farameters for DK2Table ) and a Gaussian line shape of width
that of DK1 and G7. Curvé): simulation calculated from the spin 0.1 mT.

Hamiltonian parameteréTable ) and a Lorentzian line shape of
width 0.14 mT. splittings for DK3. The spin Hamiltonian parameters derived

for DK2 and DK3, including the?®Si hyperfine parameters

with the DK2 signal is G,. This symmetry is retained right for DK2, are listed in Table I, and simulations of the two
down to 5 K. No anomalous temperature dependence of theignals, based on these parameters, are shown as the curves
119%n hyperfine splitting is observed for DK2. (b) in Figs. 7 and 8. As for DK1 and DK4, the signs of the

The less well-resolved signal DKFig. 8, curve(a)] dis-  hyperfine parameters pertaining 1°Sn could not be deter-
plays a pattern closely resembling that of DK&part from  mined.
the accidental collapse of the left-hand pair of linegh one
important exception: the fourth group of lines from the left 3. p-type samples
(marked by an arrow in the figurewhich arises from defects  The p-type samples displayed a strong Si-G29 signal
containing only one™**Sn nucleus, consists of three rather (sn\0), but no other EPR signals, neither before nor after
than two lines. This indicates that although the overall SYMannealing to 570 K. In contrast to what was observed in
metry of the spin Hamiltonian is monoclini¢the individual  n.type samples, a flash of light at low temperature produced
hyperfine tensoré" and A3" do not conform to this sym- no metastable changes of the EPR spectrum of these
metry. Hence the monoclinic spectral pattétwo lines for  samples. The concentration of Shwas found to be3(1)

Bo||[100]) is observed only for defects in which the two tin x 10 cm™3, corresponding to an introduction rate of 0.08.
nuclei are either boti'°Sn or both even isotopes. The point

group of the defect is .

The DK2 signal contains well resolved satellite lines as-
cribable to hyperfine interaction with’Si nuclei occupying The signals DK1, DK2, and DK3 are only observed in
three sets of four equivalent silicon sites each. The uniqué-type material and only under conditions where alsodan
axes of the corresponding hyperfine tensors are directele observed if present. Indeed, DK1 and the §ignal in-
along the twa(111) axes that are inclined to the mirror plane variably come and go together. Moreover, the spectroscopic
of the defect. The DK3 signal similarly exhibits satellite properties, in particular the hyperfine interactions witii
lines representing?®Si nuclei. However, overlapping lines nuclei observed in DK1 and DK2, indicate that the corre-
from an unidentified signal with the same intensity as thesponding defects are closely related to the divacancy. Ac-
satellites precluded a reliable analysis of #i8i hyperfine  cordingly, we assign the signals DK1, DK2, and DK3, to the

B. Structure of the defects
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MAGNETIC FIELD {mT} FIG. 9. Sketches of the structures proposed for the divacancy-tin

FIG. 8. Curve(a): EPR signal DK3 (SpV/, b) recorded at 35 K complexes. Open and filled circles represent silicon and tin atoms,
with Bo[(001) and 0.2 mW microwave power. Lines belonging to respectively. In the sketch of Sp\top) the dangling bonds of the
an unrelated signal are mark¥gdwhile the arrow indicates a group divacancy are labeled by the letters a through f, and iVSa,b
of lines which arises from defects containing only of®sn  the broken lines suggest bonds constructed from pairs of dangling
nucleus(see Sec. lll A 2 Curve(b): simulation calculated from the bond orbitals. Thé*Si hyperfine splittings of the EPR signal from
spin Hamiltonian parameters for DKFable ) and a Gaussian line STV @ are assigned t8°Si nuclei occupying the three sets of four
shape of width 0.13 mT. Satellite lines due &8i nuclei in four equivalent sites labeled 1, 2, and 3 in the sketch of this defect.
inequivalent positions with hyperfine splitting®r B,[{001)) 200,
112, 53, and 46 MHz, respectively, were included in the simulation. 1. SnV;

Substituting a tin atom for one of the six equivalent sili-
con atoms bordering the divacancy might be expected to
negative charge state of three complexes, each containingyéeld a defect belonging to the point groug,C as illustrated
divacancy bound to one or two tin atoms, which we represent, Fig. 9 (top), where the tin atom is placed in the (@)L
as SnV , SnV; a, and SpV, b, respectively. plane. However, since the spin Hamiltonian assigned to
Below we discuss the properties of SnVSn,V, a, and  SnV, has no symmetry below 15 K, the tin atom may in fact
SI’}ZVZ_ b, within the framework of the electronic structure of be locatedoutsidethe (1_10) p|ane_ Because the covalent
V5 1% thus considering the observed effects of the tin atadius of tin is 0.27 A larger than that of silicon, we may
oms as perturbations imposed on the basic divacancy struassume that the tin atom moves from the substitutional site
ture. The proposed models of the three defects are sketchéawards the adjacent vacancy, as was observed earlier in
in Fig. 9. In the sketch of Sn¥ (top) the six dangling-bond  Sn\° (Ref. 22. However, at a position in the mirror plane
orbitals of the divacancy have been labefedthrough(f). In  corresponding to that seen in Shvi.e. near one “bond
the undistorted lattice geometry the axes(af and (f) are ~ center” in a trivacancythe tin atom would be surrounded by
parallel to[111], whereas the axes ¢b) and (¢), and those five silicon atoms, which may be energetically unfavorable.

of (¢) and(d), are parallel t§ 111] and[111], respectively. 'Ndeed. the observed triclinic configuration of Sn\éug-
The electronic structure of 3/, which has monoclinic- gests a relaxation of the defect that maximizes the electronic

) b del lined i overlap of the foursp® orbitals of tin withsp® orbitals on
symmetry (point group Gy), may be crudely outlined in ¢, jlicon neighbors, so that the orbita) on tin overlaps
terms of “molecular orbitals” constructed from the

i 0 ) ) with only one of adjacent silicon orbita{b) and(c) (see Fig.
dangling-bond orbitals” the two pairs of orbitalgh,0 and g ‘pig asymmetric structure of SpMis reminiscent of that
(d,® form two long Si-Si bonds perpendicular to the mirror oo50564 “for the substitutional-boron-vacancy complex
plane (1D), whereaqa) and (f) combine across the diva- Bv.18
cancy. The bonding combination, which we may lafaetf), The distribution of the electron spin among just four sili-
becomes doubly occupied, whereas the antibonding combgon atoms(Table ) is consistent with this picture: As dis-
nation (a-f) holds the unpaired electron. cussed below, the orbitak, of the unpaired electron has a
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TABLE II. Spin Hamiltonian parameters for the monoclinic-I
signal from Sn\} at 15 K. The principal values of the hyperfine
interaction tensor, given in MHz, refer t9°Sn. The experimental
values are compared with those calculated from the corresponding
parameters for the triclinic signalt 8 K by means of the jump
model(see text 6 is defined in Table I.

Ox Oy 9z g Ax Ay Az Op

Exp. 2.0031 2.0125 2.0083 18.0 165.6 167.2 153.9 45.0
Calc. 2.0027 2.0126 2.0084 14.8 162.5 166.1 155.4 34.8

negligible amplitude on the tin atom. This suggests that the
energy level associated with the orbita) lies substantially
higher than the level of the silicon dangling bonds, in accor-
dance with the fact that the first ionization potential of the tin
atom is 0.82 eV lower than that of the silicon at6#T here-
fore, a moderate overlap of the tin orbita) with the silicon FIG. 10. Comparison of the spin populations in the dangling-
orbital (b) will lower the energy of(b) with respect to the Pond orbitals of Sny and \, . The numbers shown in the figure
other silicon dangling bonds without admixing mu¢d.  "epresent the observed value|af| (in MHz) associated with each

Hence,(b) becomes essentially doubly occupied and, accord§”_icon sjte, which is.roughly proportinal to the spin population. The
ingly, contributes little to the other molecular orbitals, in- orientation of the mirror plane of )/ has been chosen to bring out
cludi;’lg y ' the similarity of the two spin distributions.

u-

The triclinic-monoclinic transition at=10 K may be used spin distribution corresponding to the monoclinic, high-
to establish a simple relationship between the spin Hamiltotemperature signal is the average of the distributions charac-
nians for the two configurations that allows an assignment oferizing the pair of mirror-related, triclinic configurations of
the observedSi hyperfine splittings to specific atomic po- the defect, the?®Si hyperfine tensors associated with silicon
sitions. The 24 distinct equivalent orientations of the triclinic ¢ lying outside the mirror planeTﬂ)l come in equivalent
defect Sny form 12 pairs of orientations related through pairs with common principal values equal to the mean of
reflection in the(110) planes of the silicon lattice. If SV those pertaining to the same pair of silicon sites in the tri-
jumps between the members of such a pair at a frequencyinic configuration. Accordingly, the principal values of the
exceeding the spectral shifts distinguishing the two orientahyperfine tensors representing spin populations in the pairs
tions, a motionally averaged EPR signal displayingof dangling-bond orbitalgb,c) and (d,e) should display the
monoclinicd symmetry will result, as is in fact observed simple relationship A(70 K,b,c)=2[A,(8 K,b)
above 15 K. Within this model, thg and AS" tensors de- +A,(8 K,c)] and the analogous relationship for the pair
scribing the monoclinic signal are the algebraic means of thend (e). Assuming, as discussed above, that the ortial
corresponding pairs of tensors measured at low temperaturgarries no spin density, we assi§i(8 K) to the orbital(c)
From Table Il, it appears that this is indeed the case. Apaffecause A,7(70 K)=~1A,,(8 K).  Moreover, since
from the angled, which is sensitive to minor errors in the As7(70 K)=~1[A,-(8 K)+As,(8 K)], A,(8 K) and
|OW-temperatU!‘e parameters, a Very. SatiSfaCtory agreemep\ts(g K) may be assigned to the Ofblté(@ and(d)' respec-
between predicted and observed high-temperature paramyely. The hyperfine splittings represented Ay(8 K) and
eters is obtained, strongly indicating that the triclinic- A3(70 K) probably arise from a spin population in the dan-
monoclinic transition is due to rapid jumps between two ori-g”ng bond orbital(f). According to the jump model, this
entations, wﬂch probably involve a motion of the tin atom population should be unaffected by the motion, implying
across the (1@) plane. The comparison moreover serves toA,(8 K)~A;(70 K). However, the unusually small anisot-
determine the relative signs of the principal hyperfine com+opy observed at 70 K suggests a reduction of the motionally
ponents, since the predicted tengot(15 K) bears no re- averaged value oA, that can occur if the unique axis of
semblance to the observed tensor unless the same signAg(8 K) deviates somewhat frorfil11]. Finally, the two
assumed foall principal values oASY(8 K). This choice of  smallest 2°Si splittings that were resolvedt @8 K for
signs leads to a very small electron spin density on the tirB||(100) apparently correspond to the high-temperature av-
atom, corresponding to a spin population-eD.0le in 5s  erage described by the tenstg(70 K). We thus find that
and 5 orbitals. the orbital ¢, of the unpaired electron is @resumably an-

Although the motion of tin may be no more than a minor tibonding combination of(c) with (d), (e), and(f). The spin
displacement, it is accompanied by a large-scale electronigistribution of Sn\; as mapped by the observédsi hyper-
reorganization, causing the axis of theg tensor to rotate fine splittings is shown in Fig. 10 together with a similar map
through 132°. We note that this motion resembles the motiofg, V, . It appears from the figure that the tin atom causes a
of V, observed at=60 K.'° At this temperature the plane of moderate redistribution of the electron spin, mainly within
the monoclinic distortion, which contains the a¥igg), ro-  the vacancy that does not contain the tin atom, so that the
tates in steps of 120°. However,,Vhas three equivalent spin remains evenly divided between the two vacancies. In
configurations while Sny has only two. Since the electron accordance with this result, ttgetensor of Sny and \,
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have similar anisotropies apart from the magnitude ofghe resented as (SnV-VSn) the configuration SV, b results
shifts Agx andAgy, which are 20% smaller for SpVthan  from attaching two tin atoms at the same end of &d may
for V, (Table |). The unique axiZ(g) deviates by only 13°  be represented as (SpW) ~, see Fig. 9. Assuming as in the

from the axis of the dominant contributidn) to ¢, . previous cases that the tin atoms move from the substitu-
tional sites towards the adjacent vacancy, we may consider
2.SnVya the structure as a pyramidal tetravacancy containing two tin

Despite the symmetry (§) and the well-resolved®si ~ atoms near “bond—center.” positions. Sinpe the .monoc-:linic-
hyperfine splittings, some structural ambiguity remains forsymmetry of the EPR signal of $vi, b is retained right
this defect, mainly because the position of the two tin atomglown to 5 K, the mirror symmetry belongs to the stable
within the mirror plane are not revealed by the EPR signalconfiguration itself rather than to a motionally averaged con-
The model depicted in Fig. 9 has the tin atoms at substitufiguration like that seen in SrV. However, the line broad-
tional sites at either end of the divacancy. However, a planagning observed at high temperature suggests some kind of
structure comprising a central Sn-Sn unit with a vacancy amotion of the tin atoms. Noting that a pyramidal tetrava-
either end is equally consistent with the observed symmetrgancy has three equivalent bond-center positions, which con-
and hyperfine splittings. Probably the tin atoms are located dtitute three equivalent sites for the two tin atoms of
positions somewhere between these extremes, allowing theBn,V, b, we propose that at=100 K the tin atoms jump
to bind together as well as to form bonds with several silicoramong these three sites at a rate sufficient to broaden the
neighbors. If so, the structure may be described as a plan&PR lines. No corresponding motionally averaged signal has
tetravacancy containing two tin atoms or, alternatively, adeen observed at higher temperatures, however.
two SnV defects combined end to end. In the absence of a fully resolvedSi hyperfine structure

The electron spin density of $vi,a is spread over only a tentative outline of the electronic structure can be
sp*like silicon orbitals with axes parallel to eithgt 11] or given: The three doubly occupied valence orbitals probably

— . . . consist of the bonding combinations of the dangling-bond
[111] on 12 atoms in three groups of four equivalent posi orbitals (b+c) (on the two tin atoms (d-+e), and(a+f). The

tions. The orientations of the axes indicate that these atoms o : .
. i — ) i atter combination may be strongly asymmetric owing to the
all lie outside the (1@) mirror plane of the dgfect. Since no presence of the tin atoms close(®. The unpaired electron
spin density is found on silicon atoms in the ()1plane we is expected to reside in the likewise asymmetric, antibonding
infer that the orbitaly, of the unpaired electron is anti- combination of(a) and(f), in agreement with the anisotropy
symmetric with respect to reflection in the this plane, imply-of the g tensor, which corresponds to a spin population in a
ing in turn that the tin atoms sit in a node plane &f.  gangling-bond orbital lying in the (1) plane.
Assuming that the structure of §n,a resembles that
shown in Fig. 9 and noting that over 60% of the spin density
is located on one set of four silicon atoms, which we take as
those carrying the dangling-bond orbitdls), (c), (d), and The present experiments revealed neither the absolute nor
(e), we may allocate the valence electrons of the defect. Ashe relative signs of thé'°Sn hyperfine parameters except
in V, , the doubly occupied orbitals probably areH®) that all three principal hyperfine components for $niwere
+(d+e) and (a+f). However, since(a) and (f) are now shown to have the same sign. In Shite 1*°Sn hyperfine
dangling-bond orbitals on the tin atoms and presumably fornparameters are positié thus representing a small negative
a significant Sn-Sn bond, the corresponding antibondinglectron spin density at the tin nucleus, which arises from
combination(a-f) lies abovethe antibonding combination of some kind of spin polarization. This probably also applies to
silicon orbitals (b-c)+(d-€), which therefore becomes the Sn,V; a: since the tin atoms here lie in the node plane of
singly occupied orbital of SiV, a. This orbital, which be- ¢, at least the isotropic part of the hyperfine interaction
longs to the representati@y,, has the observed antisymmet- must stem from spin polarization. Symmetry does not pro-
ric character and, moreover, is consistent with the concentrazibit a dipolar hyperfine interaction with axis perpendicular
tion of a large fraction of the spin density in the four to the node plane, i.e., along the principal aXjsassociated
dangling bonds labeledl) in Fig. 9. The smaller contribu- with a direct contribution of the two(Sn) orbitals toy, .
tions reflected in theé“Si hyperfine tensoré\, andA; (see  However, if A;" has the same sign a&{" and AS", this
Table )) may reasonably be assigned to silicon atoms furthegontribution is negligible, whereas &3" has the opposite
away from the center of the defect, like those labéBdand  sjgn, the dipolar hyperfine interaction will correspond to a
(3). The g shifts of SpV, a resemble those of /. How-  spin population of 0.44 e in thepk(Sn) orbitals. This seems
ever, the small negative shift occuperpendicularto the  quite unrealistic since the spin density accounted for by the
mirror plane rather thain the plane as observed for,V  silicon hyperfine splittings of SV, a already exceeds the
This observation corroborates that for Sn,V, a belongs to  total spin density seen in Vitself and in SnV. Thus we
the representatiod, of D, which by symmetry has no may infer that the principal values @&=" for Sn,V, a all
perpendicularg shift in the usual approximation based on have the same sign, so that the observed hyperfine interac-
second-order perturbation theory. tion arises solely from spin polarization. The induced spin
population per tin atom of SW, a is about 60% of that
observed in Sn¥ (Table . In SnV, no symmetry con-
While the configuration SiV, a arises when a tin atom is  straints prevent the $and 5 valence orbitals on tin from
attached at either end of a divacancy and hence may be repentributing toy,,. Nevertheless, the isotropic hyperfine in-

4. 1% hyperfine splittings

3. SnV;b
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FIG. 12. Decay of the G29 (Si#Y signal and growth of the G7
FIG. 11

. Changes of the heights of the EPR signals from®SnVv (V5) and GGA-2 signals, observed during isothermal annealing of
SnV;, , V,, and SmpV, a, resulting from a series of isochronal ann-type sample at 428 K. G29 and GGA-2 were measured after
annealingg30 min) of an n-type sample. The signal heights were cooling the sample to 110 K in the dark, while G7 was measured
measured after cooling the sample to 110 K in ambient light, whichafter a subsequent illumination for 30 s with band-gap light. Con-
ensured reproducible results. tinuous curves represent fits to the data obtained with the first-order
expression$i(t) =hJ exp(— Iglt)+h‘2’ exp(—kt) (decay of Sn¥) and
L - . — hi(t)=h"[1—exp(—kt)]+h’ (growth of GGA-2 and ). The val-
teraction |ssmaller|n_ .Snvz_ _than |n.S@V.2 a, thus suggest- ulesk1=l3.5>< 10‘p4 sl‘(il and k,=1.2x10"4 st descri\zbing the de-
ing that a small posmve_ spin density arising from a NONZEI0, of Sm\P were used as fixed parametersk,) in the fit to the
amph_tud(_e ofys, on the tII’.l atom nea_rly cancels the neggtwewowth of GGA-2 and f , respectively.
contribution from the spin polarization of the core orbitals.
The balance between the two contributions may depend criti- ) B
cally on the mean position of the tin nucleus with respect tgf 1.34 during the decay of SHV whereash(V,) and
the silicon atoms carrying the electron spin. Hence, the verfi(SnV; ), measured after illumination, increased by factors
unusual temperature dependence of th&n hyperfine pa- 0f 6.5 and 5.3, respectively. As shown in Fig. 12 the decay of
rameters for Sny (Fig. 4) probably arises from anharmonic SNV’ may be represented by the expressidn(t)
components of the large-amplitude motion associated with 3 exp(—kit)+hJ exp(—kot), ~with hi~h3, k,;=3.5
the jumps between pairs of equivalent configurations. x10 % s 71 andk,=1.2x10 % s™1, Moreover, the growths

of h(GGA-2) andh(V,) may be fitted with the expression
o hi(t)zhf[l—exp(—kit)]Jrh?, where h,, and hi0 represent
C. Thermal and light-induced processes

signal heights observed at time-% and att=0, respec-
Annealings in the temperature range 400—700 K lead tdively, and withk; equal tok, for GGA-2 andk; equal tok,

the decay of G29 (Sn¥y and DK4 (SnV) signals T, for V, . Figure 13 shows thdt(SnV, ) is linearly related to
~430 K) and to a simultaneous growth of the DK1 (S)V  h(V,) throughout the annealing, indicating that Sndnd
and G7 (\4) signals. These signals begin to decay at 470 KV, are formed in a constant proportion. These results
[Ta(G7)~490 K, T,(DK1)~520 K], giving way to the strongly suggest that the formation of,Vand Sn\ is
signals DK2 (SgpV, a) and DK3 (SpV, b), which in turn  linked to the slow component of the decay of $nMth rate

decay at~690 K. Figure 11 illustrates these spectral constank,, while other products like GGA-2 result from the
changes as measured after isochronal annealB®snin at  fast component described ly.

each temperature@nd subsequent cooling to 110 K in ambi-  The decay of Sn¥ occurs here at a temperature that is
ent light. The figure suggests that the decay of Si$/ac-  about 60° lower than the temperature of decay reported by
companied by the formation of divacancies (Sn&s well as  Watkins?? but which, on the other hand, agrees with the
V,) in agreement with the earlier observations by Svenssogharacteristic temperature for the relaxation of stress-induced
and Lindstion.** Seeking to establish a connection betweenalignment of Sn¥ (Ref. 22. Indeed, if an attempt frequency
these processes, we monitored also the decay of G29 and tie= 1013 s~ ! is assumed, a fit to the isochronal annealing of
growth of DK1 and G7 resulting from a series of isothermalthe alignmen{Fig. 7 of Ref. 22 yields an activation energy
annealings at 428 K. After each annealing the sample wasf 1.38 eV, leading in turn to the rate constakt5.3
cooled to 110 K in the dark and the heightsf these signals X104 s™! at 428 K. Hence the reorientation of Sh¥p-

and of GGA-2 were measured both before and after illumi{pears to be only slightly faster than the thermal decay at 428
nation for 30 s with band-gap light. The relative rate of de-K, described by the rate constarks and k,, in striking
cay — (1/h)(dh/dt) for G29, measured before the light flash, contrast to the ratio of=10° displayed by the rates of the
was initially 2.2x10 4 s 1, decreased to 1410 %“s !  corresponding processes for tBecenters, a value taken to
during the first half of the decay, and remained nearly conindicate that these defects perform abou? i€orientations
stant thereafter. The heigh{ GGA-2) increased by a factor (with associated displacements of the impurity atdrafore
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(other than Shclosest to SnV is another SnV, whereasBin
the closest vacancy trap is some other defect. At 428 K, the
configurationsA and B decay independently in first-order
processes with somewhat different rate constahigelding
the products Y and Sn\4 according to the process€g—(3)
. and B yielding the defect GGA-2 and probably other prod-
ucts as well.

As noted previously, the EPR signals from \dnd Sn\;
can only be observed after illumination of the sample at low
temperature, which in addition converts some Srikto
1 SnV . In Fig. 13, we show that the amount of SnVmea-
sured as the light-induced decreaseh¢8n\P), is linearly
related to the amount of ¥ and, hence, also to the amount
0 ! ! ! ! , L ! of SnV, , throughout the annealing at 428 K. This suggests
0 2_0 40 6.0 80 that the sum of the amounts of SnyV, , and Sn\ , is

Vz SIGNAL HEIGHT [arb. units) constant, so that after each step of the annealing the same

FIG. 13. Relationship between the changes of the signal height8Umber of electrongestimated from the slope of the plot to
h(SnV-), h(SnV;), andh(V3), resulting from the isothermal an- D€ approximately half the initial number of SPvare made
nealing at 428 Kh(SnV,) andh(V,) were measured at 110 K available by the illumination at 110 K. The light apparently
after illumination, whereab(SnV ") was taken as the light-induced transforms some other defects, including GGA-2, into meta-
decrease oh(Sn\P). The linear relationships show that the rate of stable states having a lower electronic charge than the
formation of Sn\j and the rate of decay of Snvare both propor-  ground state, thereby providing electrons for distribution
tional to the rate of formation of ¥/, thus indicating a parallel among the initially empty-/0) levels of \, and Sn\4, and
formation of Sn\j and \, , and suggesting that the sum of the e sparsely populate@/0) level of SnV.
amounts of SnV, SnV; , and V; is constant. In the above discussion of the thermal processes, we have

) tacitly assumed that the fraction of the total amount of diva-
they become destroyed by encountering other defects. Theyncieswith or without tin) found in the observable nega-

strongly deviating result for Sfvmay be explained, how- e charge state after the illumination is independent of the
ever, recalling that the reorientation involves two successwgnnea"ng stage, so that the signal heigh@®/;) and
Jumps Of the vacancy away from.the Impurity atom. Aftgr theh(San‘) faithfully representall divacancies present. This is
second jump the vacancy, now in the thlrd-nearest-nelghborqo trivial assumption, however, and it is not valid for the
position to the impurity, is still bound electrostatically if the light-induced convers’ion of Sr’P\/into snv- . which in-
|mpur|Fy s a group-V atom, yvh_ereas_the_absence of such a(@?eases with the decay of Sh¥fom 40% initial,ly to 65% at
attraction to the isoelectronic impurity tin may enable thethe end. Therefore, in the absence of a direct measurement of
vacancy to escape from SnV with considerable probabilityg o amc.)unts of g/ :';md Sn\g our interpretation of the ob
Hence, the rate of the decay of the stress alignment may, f o 2’ . . )
SnV, characterize the complete dissociation of the defec?erved kmeups must remain tentative, anq pla_u5|ble alterna-
rather than its vacancy-assisted migration. tives may ex_lst. Thus, the data presented in Fig. 13 could be
The fate of an escaping vacancy will either be to return tg@ken to indicate that fixed amounts of \and S”,\Z* all
the tin atom or to become trapped at another impurity oformed during the electron |rrac!|at|on, get an mcregsmg
defect. In the samples examined by Watkins the substitushare of the electrons made available by the light as"SnV
tional tin atoms apparently were the dominant vacancy trapd€cays. Hence, the present results suggest, but do not prove,
so that no loss of Sriwas noticed during a 15-min anneal- that the thermal decay of Sfiat 428 K is accompanied by
ing at 453 K, whereas in the present samples, which havg)rmafuon of divacancies. However, irespective of thg inter-
received a ten times higher electron dose and, in additiorfretation, the slope of the plot 6{SnV") vs h(Vy) in Fig.
contain a substantial amount of carbon, the vacancies escap3 strongly suggests that the sum of the amounts ofavid
ing from Sn\? eventually become trapped at defects otherSnV, after the decay of Sn¥is roughly half the initial
than substitutional tin even at 428 K. The parallel formationamount of Sn\. With the introduction rate estimated above
of V, and Sn\j with rate constank, (Fig. 13 suggests the for Sn\® (0.03 cmi'*) this in turn suggests that the overall

20

SIGNAL HEIGHTS [arb. units]

following mechanism efficiency of the formation of divacancies in our tin-doped
samples, as measured after the decay of ‘Smduals that
SnV—3Sn+V (1) reported by Watkins and Corbett for Czochralski material
that was electron-irradiated under similar conditiGhs.
V +3nV—3nV, 2 The decay of ¥ and Sn\} and the simultaneous forma-
V +SnV—V,+Sn 3 tion of SV, (see Fig. 11 were monitored during a series

of annealings at 503 K. The observed spectral changes, mea-
with fixed relative probabilities of the competing processessured after illumination at 110 K as before, are shown in Fig.
(2) and (3). The observed kinetics may be interpreted byl4. The signals from ¥ and Sn\ both decay in first-order
assuming that Sn¥initially exists in two almost equally processes with rate constanks=3.5x10 *s! and k,

abundant “configurations’A and B; in A the vacancy trap =1.8x10 *s !, respectively, while the signal from
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FIG. 14. Decay of the G7 (¥) and DK1 (Sn\) signals and FIG. 15. Schematic representation of the migration ¢f({dp),

growth of the DK2 (SgV, a) signal resulting from isothermal an- . o .
nealing at 503 K. The signal heights were measured at 110 K afteir?e I?ggggr?eoi ?;;Cr:ir!ﬁg]n:;; Tolg;]tzl?Eoct)tfo%nwh;ﬂq‘;z‘ezn:nt?hee
illuminating the sample with band-gap light. First-order fits to the PP » Proj

decays (continuous curves yield the rate constantks=3.5 (110) plane of the silicon lattice. Curved double arrows in $nV
X104 st and k,=1.8x107 4 st for V, and Sn\§ , respec- connect the two equivalent positions of the tin atom. Ip\&nthe
tively. The growth of Sgv; a is calculated fromh(t)=[1—exp mechanism transforms one form of the defg@ or (b)] into the
(—kg)]+h°, with k,=1.8x10"*s*. The inset shows a linear re- other without moving the defect with respect to the lattice.

lationship between the signal heights of Sn¥nd SpV, , con- . B
firming that the rate of formation of $W; a is proportional to the ~decay of Sn{ is observed at the stage when Was prac-

rate of decay of Sny throughout the annealing. tically disappearedsee Fig. 14
The occurrence of the reactidd) indicates that Sny,

like V, itself, moves in the lattice at 500 K. Apparently, the
V, moiety of the complex drags the tin atom a moderate
distance €10 nm) through the lattice until it encounters a
second tin atom and forms gn,. A plausible mechanism
L2 - . . for the movement of Snyis represented schematically in
measured in this experlment, was obse'rved n thelsochron ig. 15b): The conventional vacancy-assisted diffusion of
annealing to change strictly in proportion l{SV;a)l.  jypyrities is here modified to incorporate the fact that the tin
To confirm the relationship between Sp\and SpV, , We  4t0m in Sn\s has two equivalent positions within the “triva-
show in Fig. 14 that the measured growth of,8ha is  cancy,” between which it probably jumps freely at 500 K.
accurately reproduced by the first-order expressifh)  Recalling that the migrating ¥has no affinity to substitu-
=h"[1—exp(—kg)]+h° with the value ofk, derived from  tional tin atoms, it may seem surprising that all Srd6 not
the decay of Sny . The sum of the intensities of the signals permanently disintegrate as a consequence of the dissocia-
from SnV, a and SpV, b estimated at the end of the an- tion into SnV + V, since SnV is unstable at 500 K. How-
nealing is about 60% of the intensity of the signal fromever, owing to the unique structure of SnV, the jumping
SnV, before the annealing. vacancy is never removed further from another vacancy than
Taking the signal height(SnV,) and h(Sn,V, a), to the second-nearest-neighbor position, implying that a sub-
measured after the light flash to represent the total amoung§antial binding energyof the order of 0.6 eV, Ref. 10s
of SnV, and SnV,, respectively, we may interpret the ob- retained. Moreover, the initial dissociation of the divacancy

served linear relationship between the heights in terms of thef SnV; is the rate-determining step, having an energy of
reaction activationE,~1.3 eV, whereas the subsequent steps, which

correspond to diffusion of a monovacanci 0.3 eV)
SnV,+Sn—SnV,. (4) ~ may be ten orders of magnitude faster. Hence, the vacancy of
SnV has little opportunity to leave the tin atomEy
The somewhat faster decay of, \Apparently occurs in an ~1-1.4 eV) while the other vacancy is on its way around
unrelated process. The divacancy is known to reorient rapthe hexagon.
idly at 500 K, which implies that it also moves in the  Application of the proposed diffusion mechanism to
lattice!® The mechanism is shown schematically in Fig.Sn,V, merely leads to a reversible transformation of one
15(a). As with Sn\?, the temperature of decay observed hereform into the other, as illustrated in Fig. (5. This accounts
for V, is substantially lower than that reported by Watkifis, for the observation that $%, a and SV, b are kinetically
thus pointing to a higher concentration of traps also fgi/  indistinguishable, and also for the high-annealing tempera-
our samples. Tin, the dominant impurity, might be assumedure (690 K) as compared to that of Mand Sn\4, which both
to trap \,, forming Sn\. However, this process cannot ac- disappear because they become mobile in the lattice at 500
count for the decay of ¥ since no change in the rate of K.

SnV, a grows in. The inset shows the observed linear rela
tionship betweerh(SnV, ) and h(Sn,V, ), indicating that
the rate of formation of SV, a is proportional to the rate of
decay of SnVy [the height of the signal from $X, b, not
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IV. SUMMARY AND CONCLUSIONS singly occupied orbital remains an anti-bonding combination
of dangling-bond orbitals on silicon atoms, indicating that
the electrical properties of the isolated divacancy are essen-
tially retained. The observed modifications may be ascribed
mainly to an obvious difference between tin and silicon: the
eIarger size of the tin atom. This causes tin to move from the
substitutional position towards the center of the adjacent va-
cancy and, moreover, enables it to interact electronically
with silicon atoms nominally in second-nearest-neighbor po-
sitions, as demonstrated earlier for SnWloreover, the sub-
stantially lower first ionization potential of the tin atom com-
pared to that of silicon appears to affect significantly the
bonding and the spin distribution within the defects.
Although the EPR signals do not reveal the precise loca-

Our main experimental findings may be summarized a
follows: Irradiation with 2 MeV electrons at room tempera-
ture of n-type float-zone silicon doped with ¥ocm™ 2 tin
generates the tin-vacancy complex SnV. After cooling th
sample in the dark, SnV is observed by EPR mainly as’SnV
however, below & K a weak signal from SnV is also
observed?! which increases strongly at the expenses of SnVv
by illumination with light. Light also makes rather weak sig-
nals from (V-V)™ and (SnV-V) appear.

Annealing at 428 K removes the signals from $rand
SnV™ and increases those from (V-V)and (SnV-V) by a
factor of 5-6. The kinetics indicates that about 50% of the

deqaylng Snv e_nd up E(S/TV) or (_SnV-\/) in this process, tion of the tin atoms, we may in analogy with the structure of
which probgbly involves dls_somatlon O.f Sn\_/ anq the S.Ubse.'Sn\/O represent (SnV-V) as a trivacancy with a tin atom
guent reaction of.the escaping vacancies with .Stl|| und.ISSOCIl-ocated near one of the two equivalent “bond-center” posi-
ated SnV. No evidence famong vacancy-assisted migra- tions, and (SnV-VSn) and (SpV-V)~ as planar and pyra-

tion of tin was obtained. Further annealing at 503 K remOVes iyl tetravacancies, respectively, each with two tin atoms

(V-V) and(SnV-V), converting a large fraction of the latter n - . o -

. . S . ear pairs of equivalent bond-center positions. This represen-
g\to eltheﬁ(SnV%\:ﬁﬁ or (Slrhv'tvgéé’)vmcr_}r']n turtr;] disappear . iion of (SnV-V)~, suggesting a low barrier between two

Yy anneaiing of tn€ sample & - 'hus, the presence quivalent position of the tin atom, serves to explain how

iy e epn s . amsoment e v STV-VY migrles i h lticea 00 K. equred by e
tions n?ade by other techniquéS' bu?in contrast to these e ?_bserved transformation into (Snv-VSnjand (Sp-V)
lier results, we find that a substa'ntial fraction of the divacar?—w hereas the tetravacancy model of these defects accounts for
) o . their stability and identical kinetics of formation and decay.
cies arising from the decay of SnV are bound to tin atoms,
which endows them with an unexpected thermal stability.
The modifications of the basic structure and properties of the
divacancy brought about by substituting tin for one or two  The tin-doped samples used in this investigation were
silicon atoms adjacent to the divacancy include a lowering okindly supplied by J. L. Lindsinm, Dept. of Solid State
the symmetry of (SnV-V) from Cy, to C;, a change of the Physics, University of Lund, and their tin content was deter-
symmetry of the ground state of (SnV-VSnjrom B, to A, mined by B.G. Svensson, Dept. of Solid State Electronics,
and, generally, a redistribution of electron spin densityKTH, Kista-Stockholm. Many stimulating and fruitful dis-
among the silicon atoms bordering the divacancy. Howevergussions with B. Bech Nielsen and A. Nylandsted Larsen are

no significant spin density is found on the tin atoms, and theyratefully acknowledged.
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