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Silicon vacancy containing two hydrogen atoms studied with electron paramagnetic resonance
and infrared absorption spectroscopy
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Float-zone and Czochralski-grown silicon crystals have been implanted with protons or deuterons. Electron-
paramagnetic-resonance measurements performed during illumination with light at 1064 nm reveal a signal,
labeledDKS5, in addition to the well-known signal from VVG—the excited spin-triplet state of the oxygen-
vacancy defect. ThBKS5 signal originates from a spin-triplet state of a vacancy-type defect with monotlinic-
(near-orthorhombid¢) symmetry. In contrast to the VOsignal, DK5 has about the same intensity in the
spectra recorded on oxygen-lean and oxygen-rich samples, which indicates tbad¢Sheefect is not oxygen
related. However, the close resemblance betweemthensors ofDK5 and VO strongly suggests that the
electron-spin distributions are similar in the two defects. Moreover, anisotropic hyperfine splittings from two
proton spins are partially resolved in tBeK5 signal. The signal is assigned to YHthe excited spin-triplet
state of the silicon vacancy containing two hydrogen atoms, which is the simplest defect consistent with the
observed properties. The isochronal annealing behavibikd coincides with that of two infrared-absorption
lines at 2063 and 2077 cm, which, like DK5, are observable only during illumination. These lines are
assigned to Si-H stretch modes of ¥H
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[. INTRODUCTION levels corresponding to the resultant bonding and antibond-
ing combinations liewithin the band gap, which account for
As the dimensions of the basic microelectronic compo-the electrical activity of the defect. In the neutral charge

nents continue to shrink, there are good reasons to believstate, the bonding combinations become doubly occupied
that the control of point defects residing in the bulk of crys-whereas the antibonding combinations are empty. Hence, the
talline silicon and at the silicon/silicon-dioxide interface will Over|apping dang"ng bonds constitute weak e|ongated Si-Si
become even more important. The properties of point defect§onds across the vacancy.
in silicon are strongly affected by the presence of hydrogen The pinding energy of a Si-H bond is3.3 eV, whereas
atoms in the material, mainly because hydrogen atoms binghe pinding energy associated with the elongated Si-Si bonds
strongly to such defects and thereby change their stabilitys o the order 1 eM(Ref. 7). Therefore, a hydrogen atom

and electrical activity~* A detailed understanding of how 4404 1o the monovacancy will bind very strongly to one
the defect properties are modified requires identification of... L -

) . ilicon atom, ther liminating one of th nglin nds.
the atomic structure of the hydrogen defect. Hence, a ration con atom, thereby e ating one of the dangling bonds

o ; . ue to the strong binding, the Si-H unit is not associated
exploitation of hydrogen-related processing of future devices ith _elect tat ithin the band diti
may rely on structural information of hydrogen defects. With any one-electron states within the band gap and It 15

In this paper we focus on monovacancy-hydrogen defectgwer_efore electromca!ly inert in this _context. 'I_'hus, th_e el_ec-
VH,, (n=1—4) produced by proton implantation into silicon tronic structure of_ thIS defec_t, VH, is deternjmed primarily
crystals*=® Owing to the high level of radiation damage by the three.rer_nalnmg dgngllng bonds of which two form an
caused by the implantation, these defects are formed in rel&/ongated Si-Si bond while the last is unengaged. In the neu-
tively large quantities, making such samples suitable fotr@l charge state (V#, the defect is paramagnetic and may
structural studies. be studied by electron-paramagnetic-resonan@&PR

The electronic properties of vacancy-type defects arépectroscop§.In the ground state, the unpaired electron-spin
commonly described in terms of “dangling bonds:” The cre- density is largely confined to the “free” dangling bond, and
ation of a vacancy is imagined as a sudden removal of #e electronic structure is very similar to that of the well-
silicon atom, leaving each of its four silicon neighbors with aknown E center (VP) (Ref. 8, in which the Si-H unit of
“dangling” or broken bond, i.e., with a singly occupied VH® is replaced by a phosphorus atom. By the same token,
3sps-hybridized orbital pointing towards the site of the the electronic properties of VHmay be expected to re-
missing atom. The one-electron energy levels associated wisemble those of thé center(VO) (Ref. 9, since in both
these dangling-bond orbitals are taken to lie close to thélefectstwo dangling bonds have been eliminated: In #e
middle of the silicon band gap. By the subsequent, inwardenter, the oxygen atom is strongly bonded to two silicon
distortion of the lattice, the silicon neighbors to the vacancyatoms, whereas two strong Si-H bonds are formed i VH
approach each other sufficiently to allow a moderately strong Like the neutralA center, VH should be diamagnetic in
overlap of the dangling-bond orbitals. Some of the energythe electronic ground state and, hence, unobservable by EPR.
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However, theA center has an excited spin-triplet sta® ( throughout the sample corresponding to a concentration of
=1) corresponding to the transfer of an electron from the(3.3+0.4)x 107 cm™ 3. During the implantation, the sample
bonding to the antibonding combination of the two danglingtemperature was kept below 110 K with an average-60D
bonds!® This state, denoted VQ can be populated by opti- K. After the implantation, the samples were heated slowly to
cal excitation, and it is sufficiently long lived to allow detec- room temperature and etched lightly in nitric and hydrofluo-
tion by EPR under continuous illumination with band-edgeric acids to remove surface defects that might be paramag-
light. The assumed similarity of the two defects suggests thatetic. In the following, samples implanted with protons and
VHg could also be EPR-active under illumination. deuterons will be denoted Si:H and Si:D, respectively.
Previously, Cheret al! reported on an optically detected A similar FZ-Si:H sample was used for the FTIR mea-
magnetic-resonanc€ODMR) signal from an exciteds=1  surements. This sample, measuring #0x 10 mn?, was cut
state of a defect witlC,, symmetry, which was observed in from the same material as the FZ samples for EPR measure-
Czochralski-grown(oxygen-rich silicon that had been ex- ments. It was implanted with protons through a 0.2-mm alu-
posed to a hydrogen or deuterium plasma and subsequentiinum foil into one of the large faces at 35 successive ener-
irradiated with 2-MeV electrons at room temperature. Twogies ranging from 9.4 to 5.1 MeV. The doses at each energy
sets of satellite lines associated with hyperfine interactioyvere adjusted to produce a 0.41-mm-thick layer in the
were partly resolved. From a comparison between spectrdample with a uniform hydrogen concentration of (9.8
recorded on hydrogen- and deuterium-treated samples, it was1.2)x 10'" cm™2. The temperature of the sample was kept
argued that the signal originates from a defect containing twdelow 200 K during the implantation with an average~-&0
equivalent hydrogen atoms. From this and the magnitude df. After the implantation, the sample was allowed to warm
the components of the derivedl tensor, the signal was as- to room temperature.
signed to VH , the excitedS=1 state of Vl—g. In a later The local concentration of hydrogen is about three times
comment? it was noted that the line positions derived from higher in the FTIR samples than in the EPR samples. Previ-
the spin Hamiltonian presented by Chenal. '3 coincide ~ ous FTIR experiments have shown that the higher concentra-
with those of the VO Signa| within experimenta| error. tion leads to Iarger intenSity of the relevant FTIR lines with-
In the present study, the effect of band-edge illuminatiorout significant broadening of the lines. The width of EPR
on proton- and deuteron-implanted silicon crystals grown eilines are, however, more sensitive to the strain caused by
ther by the float-zone or the Czochralski technique has beeiplantation damage, which justifies the choice of a lower
investigated. A new light-induced EPR signal, dendbei5, ~ concentration in that case.
arising from a defect in a photoexcited spin-triplet stafe (
=1), has been detected. The properties derived for the de-

fect giving rise toDK5 are similar to, but clearly distinct )
from, those of VO as well as those corresponding to the The EPR spectra were recorded with a Bruker ESP300E

ODMR signal discussed above and are shown to be consi§Pectrometer operated ¥tband(~9.2 GH2 in the absorp-
tent with those expected for \iH Parallel EPR and Fourier- tion mode. Conventional field modulation with synchronous
transform infrared FTIR) measurements on similar samples lockin detection at 100 kHz was employed. The microwave

indicate that VH possesses Si-H stretch modes at 2063.freduencyvo and the static magnetic fiels were monitored
and 2077.4 critt continuously during the measurements with a Hewlett-

Packard 5350B frequency counter and a Bruker ER0O35M
nuclear magnetic resonance gaussmeter. Using epoxy resin,
Il. EXPERIMENTAL DETAILS the sample was glued to a silver rod, which was screwed into
the cold block of an Air Products and Chemicals LT-3-110
liquid-helium flow cryostat. The silver rod was thermally
Samples for the EPR measurements shaped as rectangughielded by means of a thin-walled, silvered brass tube, and
parallelepipeds with dimensions X@Xx 15 mn? were cut a quartz tube surrounding the sample served as a vacuum
from float-zone(FZ) and Czochralski-growr{CZ) silicon  shroud. The temperature of the cold block was monitored
crystals. The large faces were perpendicular tg1id] axis  and could be controlled in the range 5-300 K. The dimen-
and the small faces (064 mn?) perpendicular to the sion of the quartz tube allowed the sample to be placed in the

[1To] axis. The oxygen contents of the FZ and CZ samplesenter of a Varian V-4533 cylindrical room-temperature cav-
were <5x% 1015 and ~6X 1017 Cm_3, respective|y' whereas |ty The magnet could be rotated in a horizontal plane, WhiCh,
the concentration of carbon was below &0'° cm™3in both  together with the fact that the cryostat-cavity assembly could
types of samples. The FZ material watype with resistivity ~ be tilted several degrees in the vertical plane contaiBing
~600( cm, corresponding to a phosphorus concentration o&llowed us to aligrBy with any direction in the (1Q) plane
~9x10% cm 3, and the CZ material wastype with resis-  of the sample. Moreover, because of the presence of the
tivity ~12 Qcm, equivalent to a boron concentration of well-known, strongly anisotropic signal from V\QRef. 10,
~1x10" cm 3. The samples were implanted with protons B, could be aligned with any of the main axg01], [111],

or deuterons through a 0.2-mm aluminum foil into the 4and[110], to within 0.05°.

x 15-mnt faces at a sequence of energies ranging from 5.0 During measurements, the sample could be illuminated
to 10.6 MeV. The implanted dose at each energy was adwith light at 1064 nm from a continuous-wave Nd:YAG la-
justed to ensure a uniform distribution of hydrogen isotopeser. The light was passed through an optical fiber, one end of

B. EPR measurements

A. Sample preparation
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which fitted into a small hole in the cavity. The intensity of
light incident on the sample was kept constant at about 0.2
W/cn?, because this value optimized the spectral intensity of .
the DK5 signal discussed below. lllumination at this inten- . ...Yo
sity on samples with identical dimensions and the same
mounting lead to sample temperaturestEK higher than

that of the cold block. In the absence of illumination the
sample temperature exceeded the cold block temperature by
3+2 K. The sample temperatures stated below were deter-

mined from the block temperature and the relevant tempera- MW IW

ture difference.

FZ-Si:H B, | [001] 9.1509 GHz
T~20K

C. Annealing study and FTIR measurements

Infrared-absorption measurements were performed with a
Nicolet, System 800, Fourier-transform spectrometer DK
equipped with a glowbar source, a Ge:KBr beam splitter, and :
a mercury-cadmium-telluride detector. The sample was
mounted in a closed-cycle helium cryostat with Csl win- ' : ' ' : '
dows. Measurements were performed at 10 K with an 300 310 320 330 340 350
apodized resolution of 0.6 cm. The sample could be illu- B, (mT)
minated with light from an external tungsten-halogen lamp ] )
through a quartz light guide, which resulted in a wide spec- F!G- 1. Solid curve: EPR spectrum of a FZ-Si:H sample re-
trum covering the range from4500 to 11 000 crmt. A low- corded durlng band-edge |IIum|.nat|0n at?O K with By along
pass filter with cutoff at 2200 cit was placed in front of the [S%%a ;ldsmtl:a?eéa:ggorr?aoncﬁ:2It(|3|0\r;aﬁjn;§“ftc>ur?§é:<—jh§ Kk;rolézlr;ullnes
intemal glowbar source, and the effect of the light from thelated from theg and D tensors listed in Table I. The central, very

‘?Xtefna' I_amp was ir_lvestigated as fo”.OWS: The sample Waﬁ]tense part of the observed spectrum has been cut out to accentuate
first illuminated continuously for 70 min at 10 K. Then the

. ) the weak VO andDKS5 signals.
external lamp was switched off, and an interferogram was

recorded for 5 min. Immediately after, the lamp was

ched on acain. and a similar interferoaram was recorde erved only during illumination. Their integrated intensity is
Swi gain, and a similar int 9 was bout 30-times smaller than that of the main lines fronPyH
The measurements without and with external light were re

. . Sl,, and S1,. In order to obtain a satisfactory signal-to-
peated several times and the results were reproducible. How= =~ "ert w0 o ek light-induced lines, the spectrum

ﬁ\r/:r’r(\)'\ghhc?glteﬂéie'n;ga; thrtn:g Jﬂi?&ﬁtﬁ:sfthecrﬁjﬁlt vaﬁrr]eawas recorded with a large modulation amplitude at the ex-

timg constant of-20 ming y 9 pense of spectral resolution. The signal from*/@&ccounts
EPR and ETIR spectré were recorded as described abo&or four of the light-induced lines as indicated by the stick

after each step in a sequence of 88PR) or 45-min(FTIR) G%agr_am in Fig. 2, which was calculated from the spin

heat treatments at temperatures in the range 423-648 K. Trll-éamlltonlan

temperature increment was25-K per step. The heat treat-

ments were performed in a tube furnace in ambient nitrogen.

Only EPR lines that are insensitive to moderate misalignyitn s=1 and the g and D tensors of VO with

ment qf the sample were used to monitor the intensity.of the)rthorhombick symmetry found by Browéf (see Table )L
EPR signal dls_cussed_ below. The FTIR.absorbance lines ofpe symbolug denotes the Bohr magneton. Each magneti-
interest were fitted with a Lorentzian line shape, and th& gy distinct orientation of V® has a pair ofine-structure
intensities were determined from the areas under thesg,sitions according to the selection rulbs=0Mc=
CUTVesS. +1, whereMg is the quantum number for the component of
the total spin alondd, (the quantization ax)s With B, par-

Ill. RESULTS allel to the[001] axis, an orthorhombit-defect such as VO
has just two magnetically distinct orientations, one with the
C, axis parallel toB, (twofold degenerajeand one with the

An EPR spectrum of FZ-Si:H recorded during band-edgeC, axis perpendicular tdB, (fourfold degeneraje which
illumination at 20 K withB, along the[001] axis, is shown yield the outer and inner pairs of lines in Fig. 1, respectively.
in Fig. 1. The central lines lying within the field range 319— The two VO lines to the left have the same sign as the
332 mT, most of which are off scale in the figure, are fully central lines fromS=1/2 defects and therefore represent a
accounted for in terms of the Vi S1,, and S1, signals,  netabsorptionof microwave power. However, the right-hand
including 2°Si hyperfine satellite$* The eight additional lines both have opposite sigrnegative, corresponding to
lines at positions outside this central region, which is chara net emission of microwave power. This spectral feature,
acteristic for signals from defects with sp8+ 1/2, are ob- characteristic of excited states wiB= 1, reflects that spin-

H=ugS g-By+SD-S 1)

A. EPR measurements
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Si:H B, ||{110]
T~20K

9.1626 GHz
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of error are given in brackets.

TABLE I. Spin-Hamiltonian parameters for tH2K5 and VO
(Ref. 10 signals and for the VH signal as calculated from a bi-
radical modelSec. IV B). Principal values oD andAy, ; are given
Vo' in MHz. The principal axisX’ of g andD is parallel to thg 110]
axis, whileY’ andZ’ span the (1@) plane.®’ denotes the angle
betweenY’ and the[110] axis. The principal axis¥” of A, is
parallel to the[110] axis, and theX” and Z" axes span th€110

1 plane.®” denotes the angle betwef and the[ 110] axis. Limits
b

Z
Principal VH3
&&« Term direction DK5 VO* (biradical model
FZ g X' 2.0140(3)  2.0102(1) 2.0114
Y’ 2.0062(3) 2.0058(1) 2.0030
Z' 2.0089(3) 2.0076(1) 2.0066
0’ () 23(2) 0 0
: D X’ +304.3(6) 307.0(2) 459
"DK; Y’ ¥758.7(6) —657.0(2) -918
Z' +454.4(6) 350.0(2) 459
1 1 | 1 1 — 0’ (9 0.6 (2) 0 0
280 300 320 340 360 Aus X" a1
B, (mT) Y” 0.5
Z" 4.2
FIG. 2. Comparison of the EPR spectra of proton-implanted CZ 0" (°) 32

and FZ samples recorded during band-edge illumination2@ K
with By along[110] and with a large modulation amplitude. The CZ

spectrum has been scaled with a factor of 0.005 to make the interB . A .
sities of the VO lines similar in the two spectra. The broken lines °2nd-€dge illumination: Switching the laser off during a scan

represent the calculated line positions of /&ndDK5. In the inset  '€Sults in the immediate disappearance of the signal. The
the outermosDKS5 line in the CZ and FZ spectra is plotted on the DK5 signal becomes unobservable at temperatures above
same vertical scale. ~100 K, whereas the VOsignal disappears abovel60 K.
Moreover, theDK5 signal appears to be turned upside down
dependent excitation and deexcitation processes may creatgyth respect to the VO signal forB, along[001] so that the
population inversion among the magnetic sublevels. Morenegative lines ofDK5 occur on the left-hand side of the
over, as these processes depend strongly on the orientation &ntral region for this direction.
the defect with respect tBy, the relative amplitudes of the Figure 2 shows the spectra of CZ-and FZ-Si:H recorded
inner and outer pairs of lines deviate from the 2:1 ratio beynder the same conditions as the spectrum in Fig. 1 but with
tween the degeneracies of the corresponding orientations. B, along the[110] axis. The stick diagrams represent the
The four remaining light-induced lines in the spectrumcajculated resonant field values of ¥Gnd DK5 for this
belong to a signal which we lab&KS5. The DK5 signal  direction. Since the CZ spectrum has been scaled down by a
resembles the VOsignal in the sense that it also consists offactor of 200, it appears from the figure that the intensity of
two line pairs alongl001], and has two positive and two the VO* signal is about two orders-of-magnitude larger in
negative lines. This suggests that &S signal also origi-  the oxygen-rich sample than in the oxygen-lean sample. In
nates from a defect witB=1 and orthorhombid¢-symmetry.  contrast, thdK5 signal has about the same intensity in both
The line positions ofDK5 may in fact be represented in types of samples, as illustrated in the inset at the right-hand
terms of the spin HamiltoniafEq. (1)] with S=1. However,  side of the figure. This fact by itself strongly suggests that
the remote possibility of a spin quartet sta@=3) cannot  the DK5 defect is not related to oxygen.
be rigorously refuted® The g andD tensors obtained from  The DK5 lines at 318 and 331 mT, denotédand D in
the best fit of Eq(1) to all the data reveal that the symmetry Fig. 2, are of particular interest in the following. Small sec-
of the DK5 defect is monoclinid- rather than tions of the FZ-Si:H spectrum in Fig. 2, which display these
orthorhombict (Table ), although a monoclinic term is no- jines, are shown in Fig. 3. Also shown in this figure are
ticeable only for theg tensor. The seven independent param-simulations of the lines originating from the YHS1 (S1,
eters of the monoclinid:-g and D tensors forDK5 were and Slb)v and VO defectS, and a simulation of tHeK5
obtained from the pOSitionS of 22 fine-structure lines that algnes. As can be seen from the figure the simulations account
not obscured by overlapping lines from other signals in thefor the observed spectrum. Furthermore, it is evident that the
spectra recorded witl, along [001], [001]+30°, [111],  C andD lines have only a minor overlap with other lines.
[001]+73°, and[110], in the (110) plane. A stick diagram As mentioned above, the large modulation amplitude em-
calculated from the resultant parameters is included in Fig. Iployed to record these spectra leads to broadening of the
As noted above, thBKS5 signal is observable only during lines?® the resultant peak-to-peak width of tfi@K5 lines
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Si:H B,||[110] 9.1626 GHz FZ-Si:-H B, ||[110] 9.1523 GHz
T~20K T~20K

DKs,C

315 320 325 330 335 317.6 317.8 318.0 318.2 3184
B, (mT) ‘ B, (mT)

FIG. 3. Expanded view of sections around the lines ma®ed FIG. 4. Comparison of a section of the EPR spectra of FZ-Si:H
andD in the FZ-Si:H spectrum of Fig. &urvea). Curveb: Simu-  and FZ-Si:D around the lin€ belonging toDK5 (cf. Figs. 2 and
lated signal fromDK5. Curvec: Simulated spectrum calculated 3)- Solid curves are spectra recorded~a20 K during band-edge
from the spin Hamiltonian o8,,, S;;,, and VO (Refs. 10 and 14 illumination with By along[110] and with a small modulation am-
The combined simulatiorb+c C|ose|y resembles the observed pIitude. The broken curves were calculated with the spin Hamil-
spectrum. Note that the ling® and D belong toDK5 and, more-  tonian derived from the biradical model of YHsee Sec. IV B
over, overlap only marginally with other lines.

curve a, but in the FZ-Si:H spectrum where the ¥YCGnd

being ~0.34 mT, and under these conditions no differenceK5 signals are about equally intense, the hyperfine satel-
between the line shapes in the spectra of Si:H and Si:D argies of VO* fall below the detection limit.

observed. As the modulation amplitude is lowered, the
widths of all the lines decrease. At the best obtainable reso-
lution, most of theDK5 lines in the spectra of Si:H resemble
first-derivative Gaussian absorption lines with a peak-to- A section of the FTIR-absorbance spectrum recorded at
peak width of~0.15 mT. This is not the case, however, for 10 K without external illumination on the FZ-Si:H sample
line C and its partner lind belonging to the same orienta- annealed at 548 K is shown as cuvé Fig. 5. The absor-
tion of the defect in th¢110] spectrum(cf. Fig. 3. The line  bance lines at 2122.2 and 2145.0 ¢mepresent Si:H stretch
C in the spectra of FZ-Si:H and FZ-Si:D recorded at low modes of VH,*® and the lines at 2068.1 and 2073.2 ¢m
modulation amplitude are shown as solid curves in Fig. 4are the stretch modes of ,M° and V,H® (or V,H?),
The spectra of Si:H and Si:D are clearly distinct: The linerespectively* The intense line at 2072.4 cthhas recently
from Si:H is broader and has a more complex shape than théieen ascribed to JH, (Refs. 17 and 18 and the weak lines
from Si:D. This indicates that hydrogen is involved in thein the range 2078—2088 crhrepresent Si-H stretch modes
DKS5 defect. Our data do not allow a derivation of the protonof unidentified defects. When band-edge light is applied, new
hyperfine tensor, but the observed shape of ifeom Si:H  absorbance lines appear in the spectrum at 2063.1 and
is consistent with a hyperfine interaction o4 MHz with ~ 2077.4 cm?! together with a weak line, denotéq as can be
two protons and is inconsistent with a hyperfine interactionseen from curveé in the figure. This spectrum was obtained
with a single proton. The simulations included in Fig. 4 areby subtraction of the spectrum recorded without illumination
based on hyperfine interaction with two protons and will befrom that recorded during band-edge illumination. When the
described further in Sec. IV B. external illumination is switched off, the 2063- and
We have not detected arfySi hyperfine satellites in the 2077-cm® lines disappear immediately—like thBK5
DKS5 signal, presumably because such lines are too weak tsignal—in contrast to th& line, which decays very slowly.
be detected with our spectrometer. TH8i hyperfine satel- Thereby, the 2063- and 2077-chlines are candidates for
lites associated with the two equivalent silicon sites of*VO identification with Si-H stretch modes of tiixK 5 defect. To
are clearly visible in the CZ-Si:H spectrum shown in Fig. 2,investigate this possibility, the normalized intensities of the

B. FTIR measurements and isochronal annealing
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FIG. 6. Isochronal annealing curves for the EPR sign#&l5
and for the FTIR lines at 2063, 2077, and 2122 ¢niThe intensi-

FIG. 5. Section of the FTIR-absorbance spectrum of FZ-Si:Hties of all signals have been normalized to the values obtained after
covering the range of Si-H stretch modes of the vacancy-hydrogeannealing at 523 K. Within the limits of errdbK5 and the lines at
defects. Curvea: Spectrum recorded at 10 K without band-edge 2063 and 2077 cit grow in and decay in parallel.
illumination after annealing at 548 K. Cunie Spectrum recorded
at 10 K during band-edge illumination, from which the spectrumsorbance line observed in our samples. Thus, there are no
shown in curvea has been subtracted. The Si-H stretch modesother absorbance lines that may be linked to@&5 signal.

Wave number (cm™)

ascribed to YH, V,H,, V,H® (n=3 or 4, and VH,, are indi- The immediate appearance of the 2063- and 2077'cm
cated in curvea and those assigned here to YHre indicated in  |ines caused by illumination is accompanied by a reduction
curveb. of the intensities of the VKimodes at 2122 and 2145 ¢t

(see Fig. 5, curvéd). Furthermore, the VElmodes are im-

DK5 Signa| and the 2063-and 2077-_Ch‘|ines are Compared mediately and fu”y restored while the 2063- and 2077_'&m

in Fig. 6. As can be seen from the figure, the annealindin€s disappear when the light is switched off. This indicates
behavior of theDK5 signal and the 2063- and 2077-chn that the 2063- and 2077-cmlines are somehow connected

lines are similar. The signal intensities increase with the ant® VHz. However, we note that the annealing behavior of the

nealing temperature up to590 K, where the intensities are ¥Hz mode at2122 e, included in Fig. 5, differs from that

about four-times higher than observed in the as-prepare(a]c the 2063- and 2077-cr lines, even though they anneal

samples. When the annealing temperature is increased fUputin the same temperature range as the, Viibde.

ther, the signal intensities decay rapidly, and abexg50 K

the signals become unobservable. At annealing temperatures IV. DISCUSSION
below 420 K the 2077-cim' line appears to have a somewhat
higher normalized intensity than tHeK5 signal and the
2063-cm ! line. However, the 2077-cnt line is very weak The main experimental results obtained may be summa-
in this temperature range and the apparent discrepancy falfized as follows: The EPR sign@K5 arises from a light-
well within the limits of error. Moreover, th®K5 signal  induced, excited state of a hydrogen-related defect, most
attains its maximum height after annealing at 548 K, whereagrobably in a spin-triplet staté(S=1). Although the defect

the 2063- and 2077-cnt lines reach maximum intensity af- does not involve oxygen, thBK5 signal is very similar to

ter annealing at 573 K. This slight shift is probably the resultthat of VO*. This suggests that thBK5 signal originates

of a lower hydrogen concentratiofa factor of 3 and a  from VH3 ; the excited spin-triplet state of \iHn its neutral
shorter annealing tim@ factor of 1.5 for the EPR sample as charge state. Further evidence for this assignment comes
compared with the FTIR sample. Hence, our measuremenfsom the infrared-absorbance spectrum which shows the
indicate that the annealing behaviors of &5 signal and presence of VH via the Si-H stretch modes at 2122 and
the 2063- and 2077-cnt lines are in fact identical, and that 2145 cmi®. In addition, two new light-induced absorbance
the EPR signal and the two absorbance lines originate frortines at 2063 and 2077 cm in the range characteristic of
the same defect. The described annealing behavior differSi-H stretch modes exhibit the same unique annealing behav-
completely from that of any other EPR signal and FTIR ab-ior as DK5. Reversible intensity changes of the 2122- and

A. Assignments
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(b) systems withS= %, where each electron spin interacts with
both protons of the defect. Denoting I8¢ and S, the spin
B Si-H antibonding operators associated with the spin distributionsegf and
4 ¢, respectively, the spin Hamiltonian of the defect may
4 therefore be written
& i H=pugS;-01-BotupS, - G2-Bo+25,-D-$+2JS,- S,
4 ——H— ¢+, g 2
2 I (A S+ AR - S gnianBo), 2
Bl
Si-H bonding wheregy and uy denote they factor of the proton and the
AI—H— nuclear magneton, respectively, and the tensﬂbﬂrﬁ and

Aﬁ‘j describe the hyperfine interaction between fttie pro-
FIG. 7. (a) Model of the atomic structure of VH showing the  ton with nuclear spify ; and the electron spinS; andS,,

two hydrogen atoméblack each bonded to a silicon atom adjacent respectively. The symbal represents the exchange interac-
to the vacancy. The dangling bongs and¢, on the remaining two  tion between the electron spins. Owing to the assumed
silicon neighbors form a longreconstructedbond in the (1D) orthorhombict symmetry, the twag tensorsg; and g, are
mirror plane perpendicular to the one containing the Si-H bdrds identical apart from the orientation of their principal axes.
axis along[110], y axis along[110], andz axis[001]). (b) Elec-  The same applies to the four-proton hyperfine tenﬁq!ﬁ
tronic structure of VI, as expected from a one-electron orbital andAE' . With the definitions '
treatment. The one-electron levels are labeled in accordance with '
the irreducible representations of the point gralyy that describes S=S5,+S,, AS=S,-S,, Ag=0,— 0,
the transformation properties of the corresponding orbitals. . . .

the spin HamiltonialEq. (2)] can be expressed as
2145-cm ! modes accompany the appearance and disappear-
ance of these lines, which suggests that the lines originate
from an excited electronic state of VHOn this basis, we where
assign theDK5 signal to VH and ascribe the 2063- and
2077-cm ! lines to Si-H stretch modes of the same defect.

H=HT+H’, (38

1
HTZE,U,BS-(gl-l- 0)-By+S-D-S+JS-S

B. Biradical model

2
1

The expected orthorhomblc{C,,) structure of Vl—i is +1‘21 Thj E(Aﬁ,iJ“Aﬁ,J)'S_gH“NBO (3b)
sketched in Fig. 7. The structure of YHs expected to re-
semble that of VIJ. An ambiguity exists in the correlation of and
the observed spin Hamiltonian with the model of ¥H 2
sincg it cannot be (_jetermined experimgntally whe’gher the HrZEﬂBAS.Ag.BOJFEE Iy "(Aﬁ ,_Aa )-AS.
principal X" or Y’ axis of the orthorhombi® tensor given 2 2= ! !
in Table | is normal to th€110) plane containing the two (30
dangling bonds. The choice made in Fig. 7 with ¥eaxis
perpendicular to the dangling bonds is based on the compal
son of the observed and expectgdensors, as explained

All terms in HT commute withS?, and HT has a triplet
ré‘lgenstate $=1) and a singlet eigenstat&<0). The non-

below. A lined ab h danaling b d zero matrix elements dfi’ connect the singlet state with the
elow. As outlined above, the two dangling borgisande, g petrates of the tripléf Since the fine-structure lines of

overlap and form bonding and antibonding combinationsD K5, like those of VO, are well represented in terms of the
|a))=12+2S;(p1+¢z)  and |b2>:1/vz*_2512(¢1 triplet-spin Hamiltoniar{Eq. (1)], H' is of little importance
~¢2), whereS,, is the overlap integrab;,;=J ¢1" ¢2d7. In oy this system in accordance with the expectation that the
the ground state V§j the orbitalla;), which belongs to the ~ singlet-triplet energy separation is substantial compared to
representatiom; of C,,, is doubly occupied whildb,)  the matrix elements ofi’. Hence, the EPR lines of VH
belonging toB, is empty, and the defect is diamagnetic. In jncluding the proton hyperfine splittings, are accurately rep-
accordance with the description of YOwe assume that the (egented by4T alone. This part of the spin Hamiltonian may
excitation of ng to VH3 implies the promotion of an elec- pe expressed as
tron from|a,) to |b,), resulting in the triplet statéB,. This

change virtually eliminates the bond between the silicon at-

oms carrying the orbitalg, and¢,, and the distributions of ~ H'=xsS g-Bo+S-D-S+ 2, 1y (An - S—guunBo),
electronic charge and spin therefore become similar to those 1=t 4)
of two independent dangling bonds, each holding one elec-
tron. Hence, the EPR spectrum may be interpreted in termsepresenting a=1 center containing two protons, with the
of a biradical consisting of two weakly interacting sub- g tensorg=3(g;+g,) and the two-proton hyperfine tensors

2
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Ay j=%(A&. 1+Af| ))- The termJS- S has been ignored here parallel to the line connecting the atoms carrying the two
since it has no influence on the EPR spectrum. Observingangling bondsp; and ¢,. This immediately suggests that
that the relative position and orientation of a dangling bondhe dominant contribution td arises from the magnetic
and a Si-H unitin VH is about the same as in \PHRef. ,  dipole-dipole interaction between the spins. Indeed, if the
and, moreover, thag, and g, should each correspond to a spins are considered as classical dipoles, the tensor describ-
“free” dangling bond in a vacancy as dogéVH®), we may i”% this interaction h?sz th_e3 principal valuésy, =Dz =
attempt to predict(VH3) andA ;(VH3) by substitutingg, 2Dy, with Dy, =—geugR™", whereg, is theg factor of
andg, in Eq. (4) with g(VH®) (with the appropriate orienta- the free electron an® is the distance between the spins.
tions, and, similarly, substitutingAl . and A2 . with Taking R equal to the nominal distance between the silicon
An(VHO). The result is given in the Iagt column Sf Table I. nuclei carrying the dangling bonds in the model of Fig. 7

As can be seen from the table, the calculageténsor re- (384 A in the unrelaxed lattige we o_btaln Dy =
sembles the experimental tensor. In particular, we note that 218 MHz and Dy =Dz =459 MHz in fair agreement
the ordering of calculated and obsengehifts is the same, With the experimental values ofDy.|=758.7, |Dy/|
from which we conclude that thg’ axis of the(orthorhom- =304.3, andDz,|=454.{1 MHz forDKS. ) .
bic) spin Hamiltonian was correctly taken as the normal to Before we declare th|s*agreemept a confirmation of the
the plane of the dangling bonds. The small monoclinic- 2sSignment oDKS to VH; , other interactions that may
component ofy(VH%), which evidently cannot be accounted contribute toD must be briefly examln_e%f.Su_ch interactions
for within the C,, geometry assumed here, will be discussed®'® all fe's’*ted In some way to_ the spm-orb1|t coupling. S_ome
in a separate subsectiofSee Sec. IV D of them, .|Ike the_ antisymmetric exchante, produpe anti-
The hyperfine tensoré, ; and Ay , obtained from the symmetric contributions t® and can therefore be ignored in

biradical model were used in conjunction with the experi-this context, since the fine-structure splittings are fully ac-

mentalg and D tensors(Table ) to calculate the proton hy- counted for in terms of'aymme.tnc I:Ienspr. However, pther

perfine splittings expected for H The calculations show effec'gs of the spln-orb_lt cou_phng may yield symmetric con-
. ; - tributions toD. The spin-orbit coupling operator may be ex-

that for all orientations 0B, the splitting between the two d 22

outermost lines of each proton hyperfine quartet is smalleP"€5%€

than or comparable to the observed peak-to-peak width of

the DK5 lines in the spectra recorded with a large modula- HSO=E R;-S (5)

tion amplitude, in agreement with the lack of resolved proton ‘

hyperfine splittings In thes‘? .SpeC“ﬁ‘?C-.”'A)- Moreover,  \here the sum is taken over the electraBsis the electron

the calculated hyperfine splittings of lifizin the[110] spec- spin, and the operatd; is

trum are consistent with those observed, as may be seen fronﬁ) ' !

Fig. 4, in which simulations of lin€ in the spectra of Si:H

eh
and Si:D are included. The simulation of the Si:D spectrum Ri=— =—==VéXp;, (6)
has been obtained from Ef) with the tensorgAy ;} mul- 2mac

tiplied by the ratio(0.154 between t_he nucleay factor; of wheree andm, are the electron charge and masss the
the deuteron and the proton, and with the nuclear spin of thge) it of light,  is the electrostatic potential, apdis the
deuteron [p= 1) replacing that of the proton. The calculated momentum operator for thith electron.HSC is a sum of

proton hyperfine splittings of the other fine-structure lines iNone-electron operators and, therefore, connects the ground

the[110] spectrum are all smaller than or comparable to thestate\G) of VH3 only with those excited states that differ

observed peak-to-peak width of these lines recorded at th om the ground-state configuration by the promotion of a

best obtainable resolution. This also applies to all the lines ir); : .
the[001] spectrum, whereas the calculations suggest that or']%mgle electron to anothehighey orbital. Four types of such

pair of fine-structure lines in thEL11] spectrum has resoly- Excited configurations occur, three of which may be conve-

able proton hyperfine splitings, However, the observed in_nlently discussed together: an electron may be transferred

. . . either from a doubly occupied orbitéstate in the valence
tensities of these lines are nearly zero, which precludes Vergond to a singly occupied orbital in the band gap or from a
fication of this prediction. We may conclude that the proton_. : o ;
hyperfine splittings of VB predicted from the biradical—or singly occupied orbital in the band gap to an empty orbital,

independent dangling-bond—model ang(VH®) account normally in the conduction band. As the ground-state con-
) N figuration in the present case has two singly occupied orbit-
for the shape of th€ line and for the observed differences g P gy P

. - - als, so will both these types of excited configurations, thus
between these lines from Si:H and Si:D. The proton hyper- iving rise to a spin-singlet and a spin-triplet state each.

fine s;_)littings are in general oblliterat.ed by the large inheren owever, the third type of excited configuration, which
EPR linewidth of the photoexcited triplet state of ng arises by promoting an electron from a doubly occupied
valence-band orbital to an empty conduction-band orbital,
hasfour singly occupied orbitals and, hence, comprises 16
levels grouped as two singlets, three triplets, and one quintet
With the orientation of the spin Hamiltonian relative to state. The spin selection rules for matrix elementsi8f are
the model of VH derived from theg tensor, the largest AS=0,+1 andAMg=0,*1, so that the ground-state triplet
principal value of theD tensor,Dy., is measured foB,  sublevels Ms=0,=1) may be shifted through coupling to

C. Interpretation of the D tensor
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all these excited statdsvith the exception of one singlet and T, *=1W2|a;b,—h,a,)| BB). With the coordinates; ,

The substrates d6) with Ms==1 and 0 couple to different ¢, andq, defined above, the nonzero matrix elements of
excited (substates and may therefore be shifted differently, 4SO may be expressed as

which could yield a contribution to the tensor. However, it
turns out that for each excited configuratidh, irrespective s ) 1S , 1 5
of the type of excitation, we find that (T5 HSASe)?=1(T5 H3ISy)] =7 ([(@1|Rq,[b2)]

! +1(a1/Rg, b)), 9
S, (TS MYHIGSMI2=5 ([ |Rqy pe)l? {2ulReglo22) ®
s'.M

1
IRy 6) 2+ (il Ry ) 2, @ NTRTISIP=KToHS) =5 @Ry o)l

(10

Hence, second-order perturbation theory yields the energy
corrections:

where i and g are those orbitals ifl") and|G), respec-
tively, that make the two configurations different. The coor-
dinatesq,, q,, andqs refer to a system in which the; axis
is chosen parallel t®,. Since the expression on the right- 1
hand side of Eq(7) is independent oM g, so is the sum on E(T";)F Z(I(a1|qu|b2>|2+ (a1|Rq,|b2) %)
the left-hand side. Therefore, if the “term splittings” 0
Ers-Erg are small compared to the electronic excitation 1 1
ETgl_ ESO + ET(;:l— E31> ' (1)

energyEr-Eg, then the shifts of thd = =1 and 0 sublev- X
els of|G), as calculated by second-order perturbation theory,
will be equal, and no contribution from coupling to excited
configurations viaH S© will appear in theD tensor. The con-
dition |Erg-Erg| <Ep-Eg is expected to be fulfilled in the
present system, sindéq-Eg is of the order 1 eV, whereas 1
|Ers-Ergl is probably less than 16 eV, because the elec- E<T20): §|<a1|Rq3|b2)|2( ETE- TESTE ) (12)
trons are localized at different, well-separated centers. 0 To =So —Tp —S1

We may note that the reversed inequality, an eIewor!'(’\l'hese energy corrections may give substantial symmetric

excitation energy much smaller than the term splitting, IScontributions to theD tensor unless Br ~Es, +Es,, €.

often seen for transition-metal ions in weak crystalline fields. i ( .
In such cases only matrix elementst?© diagonal inSare ~ UnlessEs; and Eg are positioned symmetrically with re-

important and, to second order in the spin-orbit couplingspect toEr (taken as the mean value Bf>1 and E.
constant¢ of the L-S term, the shifts of the ground-state  To zeroth OdeYEso, Er,, andEsl are indeed equidistant,

ibutiop(2) i . . o
levels produce a contributioB™’ to the D tensor that is ity a separation equal to the one-electron excitation energy
proportional to theg shift Ag:> : : ;
associated with the promotion of an electron froa) to
|b,). However, even a slight difference betweElcao-Es0

D@=_ gAg- (8) and Es,=Er, may yield a significant effect oETgl and ETg
and hence also oD.
If the magnetic field is along one of th&,, “symmetry

where the Zeeman energy has been ignored in the denomi-
nators, and

It appears that this relationship may be validated by the pres- s’ or z shown in Fid. 7. the coordinat and
ence of the very strong exchange-coupling characteristic ofxes x g hZ W Ith 9. £, . inates , qtz 't' f
several unpaired electrons located on a single atomic ion;3 may be chosen so thatl{,d,d3) is some permutation o

whereas its application to systems whose unpaired electrort& ¥+ 2 From group theory the only nonzero ma‘{g‘ element
are spread over several atoms is ill-advised, because matr®f the type(a|Rq [b2) occurs forg;=x. HenceEo' van-
SO H H
elements oH>"that are off diagonal irs tend to cancel the  jghes forB, along they or z axis, WhereaE(T2+)1 vanishes for
effects of the matrix elements yieldingg. _ o 0 _
While the foregoing discussion suggests that the first threBo along thex axis, and the contribution to tHe tensor is

types of excitation produce only negligible contributions to

the D tensor, this does not necessarily apply to the fourth D<2>=E|<a IR, | D)2 1 + 1

type of excitation discussed in the following. Here the ex- 6 X E ,Es, Er,~Es,

cited configuration arises by transferring an electron from

one of the two singly occupied orbitals of the ground-state -2 0 0

configuration to the other. Two singlet stai®g and S; re- x| 0 1 o0]. (13)

sult, with the corresponding wave functiogga,;a;)(|a3)
—|Ba)) and %|b,b,)(|aB)—|Ba)). These singlet states 0 01

are coupled to the sublevels of the ground-state tripdely  We note that the axis of this axial tensor is directed aleng
HSO. The three wave functions of the triplet af; " i.e., perpendicular to the plane of the two dangling bonds.
=%la;b,—bya,)|aa), T9=3%|ab,—bya)(|aB)+|Ba)),  Thus, the contribution given in Eq13) cannot be the domi-
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nating term in theD tensor for theDK5 defect, because the cylindrical with principal value¥ 5g,=0, §g, ~0.01, and

numerically largest principal value occurs along haxis.  with their axes directed alorfg11] and[111], respectively.

To sum up, we believe that the magnetic dipole-dipolejn the coordinate systertx, y, 2) of Fig. 7, thedg matrices
coupling yields the dominant contribution to the obseried then are given by

tensor in accordance with the direction of the axis of the

largest principal value along’. However, a smaller compo- 1
nent arising from coupling vi&dS© to the singlet stateS,
and S; cannot be excluded; this component will be axial
along thex axis in Fig. 7, and, with the reasonable assump-
tion that Er,-Es,<Es,-Ex,, the axial value is negative in
agreement with the experimental finding titat, <D,/ (see
Table ).

sgV=4g, (1)

D. Interpretation of the g tensor

In this section, we interpret the “rotated” principal axes 59'?=6g,(2)
(Y'", Z") of the g tensor in terms of a slight bending of the
Si-H bonds towards one of the silicon dangling bonds. We 0
first assume that the nearly independent dangling bands
and ¢, are equivalent and that the associatetensors are and, hence, thég matrix of VH; is [See Eq(4)]

: (14)

wN WS o

69,(1)+469,(2) 0 0

1 V2
Theo_ T 0 3(09:(1)+69,(2))  5(89.(2)=469,(1))

59 (19

N

V2 2
0 5 (89,(2)- 09, (1)) 5(59,(1)+ 9. (2))

With &g, (1)=48g, (2)=6g, this matrix becomes diagonal HereE°(vb) andE°(ch) are average one-electron energies
with the principal valuessg, , 389, , and 2/®g, . It ap- in the valence and conduction bands, respecti\Ee}Pyis the
pears from Eq(15) that off-diagonal elements ifig™° will unperturbed energy of the dangling bopd, andA,, and
result if 6g,(1) and &6g,(2) become unequalﬁgyz‘ec’ B., are, apart from a common factor, given as the sums
=35[89,(2)— 89, (1)]. In the(x, y, 2) coordinates the ex-
erimentalég matrix is
g J Av="2 3 (edRde)(gLden. (19
Pn€E
0.0117 0 0
S5gFP= 0 0.0043 0.001Q. (16)

Boo=—2 2 (enlRle)ejllilem, (19D
0 0.0010 0.006 ¢meCB

whereR, for a single electron is given in E¢6).

The first-order effect of a small “external” perturbation
that makesp; and ¢, inequivalent is a splitting of the de-
generate level&; andE,, while the electron density resid-

0.0111 0 0 ing in ¢; ande,, and thus the matrix elements in E¢$99
SgTheo= 0 0.0037 0.001Q, (17) and (19b), are left unchanged. Hence, the resultant value of
0 0.0010 0.007 69, (2)— 69, (1) depends in this approximation primarily

' ' on the splittingE,-E;. The parameters in the expression for
89, (J) (j=1,2) in EQ.(18) are not known with any preci-
sion. From the discussion in Ref. 25 it appears, however, that
A, p=~2.1B;, and that the average excitation energies
|E%(vb) —E}| and|E°(cb)—EJ| are about 1.5 and 2.5 eV,
A B respectively. With these estimates and taking the valye

s L 5 SR (18 ~ =0.011 we may obtain a value @,,, which in turn sug-
E'(vb)—Ej E"(cb)—E; gests that the observed valig, (2)— 8g, (1)=0.0041 cor-

Taking the valueség, (1)+ 69, (2)=0.0222 andég, (2)
— 69, (1)=0.0041, we obtain from Ed15)

in good agreement with E16).
Within the conventional second-order perturbation treat
ment, 49, (j) (j=1,2) may be expressed

69, (J)~
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xz plane %

FIG. 9. Schematic representation of the proposed three-electron
bond: A slight mixing of the Si-H bonding orbital with the
dangling-bond orbital leads to a net stabilization because the bond-
ing combination is doubly occupied whereas the antibonding com-

aiic bination contains only one electron.
yzp

tion that VH distorts whereas Viidoes not is most simply
explained in terms of the “molecular” orbitalse.
=1/J2+2S;,(p1* ¢5). As indicated in Fig. 8, the overlap
betweeng,; and ¢, in VH} is small and consequently the
splitting betweeny, and ¢ _ is also small. In &C,, geom-
etry (orthorhombict) the Si-H bonding orbitals overlap with
FIG. 8. Molecular models showing the difference betweerf VH @ only. By distortion toC,;, symmetry(monoclinici), the
and VH; . The defects are viewed along §891] axis(thezaxisin  gyerlap with ¢, increases and, moreover, an overlap with
Fig. 7). In VH9, the two silicon atoms in thgz plane have moved ©_ now also contributes to the stabilization. In g/Hhe

towards the center of the vacancy to form a Si-Si bond. Ir5VH . . . .
there is no net bonding between these atoms, and one of the freoeverlap betweenp, and ¢ is large, implying a substantial

: . : : Splitting betweenp . ande _ . In theC,, geometry an over-
dangling bonds interacts with the two Si-H bonds. i v .
ging lap between the Si-H bonds ard. does occur, but fails to

. i stabilize the system becausge is doubly occupied. More-
responds to a splittings,-E,~0.3 eV. We note that since gyer, in this case a distortion ©,;, symmetry, allowing an

f[he electron density ipq and_goz is unchanged to first order overlap with the emptys_, would probably lead to only a
in the a_\symmetrlc_pert_urbatlon, SO is tDete_nsor as calcq-_ negligible stabilization owing to the high energy of .
lated within the point-dipole model. Accordingly, the signifi- 1o stabilization of VH by the weak three-electron

qant, mor!oclinid-pomponent oy s within this descrip- bonds would apparently be the same if the two hydrogen
tion consistent with the observed almost orthorhomibiz- atoms were displaced towards different silicon atoms rather
tens_or. - . . than towards the same silicon atoms as suggested in Fig. 8.
_ Since theD tensor indicates that the silicon nuclei border- e ver, in that case the resulting configuration would have
mgothe vacancy of Vi has retained th€,, geometry of ¢ 'symmetry(monoclinicdl). Since only theC,, configura-
VH;, we may assume that the perturbation acting on thgjon js observed, some subtle interaction between the hydro-
dangling-bond electrons in VHreflects an asymmetric po- gen atoms would seem to govern the distortion.

sition of the two hydrogen atoms. We propose that one of the Based on the discussion above, we propose that an inter-
singly occupied dangling bonds and the two Si-H bondingaction between the two hydrogen atoms of 3/ind one of
orbitals combine to form weak three-electron bonds betweehe dangling bonds splits the leveis andE, by about 0.3

the hydrogen atoms and thdistany silicon atom carrying ey, and thereby accounts for the monoclihicomponent of

the dangling bond. Therefore, the Si-H bonds bend somee g tensor.
what to enhance the electron overlap with the pertinent dan-

gling bond. The proposed distortion is shown schematically

in Fig. 8, whereas the mechanism of the three-electron bond

is indicated in Fig. 9. By a slight mixing of the Si-H bonding  If VH, is present either in its positive or its negative
orbital with the dangling-bond orbital, a net stabilization is charge state, the defect is paramagnetic because it then pos-
obtained because the resultant upper level is singly occupieskesses an unpaired electron. Thus, the fact that no EPR signal
only, while the lower level is doubly occupied. The observa-ascribable to VH is observed when the light is switched off

E. Si-H stretch modes of VH,
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suggests that the defect is in its neutral charge staté, VH trically active defects are removed from the sample by an-
when the sample is not illuminated. Therefore, we assign théealing, paths by which the free carriers may recombine dis-
Si-H modes of VH at 2122 and 2145 ciit to VHY. Previ- ~ aPpear, which should increase the steady-state concentration
ous uniaxial stress experimehtsave shown that the defect Of VH3 . The VH’ and V,H® (n=3,4) defects, which
giving rise to the 2122- and 2145-cth modes has @abound in our samples, decay after heat treatment40

orthorhombict symmetry in accordance with the discussionand ~520 K, respectively” Since these defects are electri-
in the previous subsection. cally active, their annealing may explain the increase in the
The 2122-cm* mode is the asymmetric stretch m8der ~ number of VH defects above-450 K (see Fig. 6. How-

which the dipole moment oscillates along thaxis { 110]) ever, at annealing temp'eratures abe&00 K the total num-

in Fig. 7, whereas the 2145-cth mode is the symmetric P€r of VH, defects begins to decrease and the enhanced ef-
stretch mode with the oscillating dipole moment alongzhe ficiency of VH; formation has to compete with the thermal
axis ([001]). As can be seen from Fig. 5, the asymmetricbreakup of VI—Q._The fraction of VH defects increases from
mode is more intense than the symmetric mode, which mag% after annealing at 450 K up to 18% after annealing at 575
be understood qualitatively in a very simple way: The dipoleK. It is uncertain how far this increase goes, but the obser-
moment induced by the stretching of a Si-H bond will bevation of a relatively strong VEi signal after annealing even
nearly aligned with the bond. Because the Si-H bonds irat 623 K, where the V%signal is very small, suggests that

VH? (Fig. 7) roughly point along th¢111] and the[111]  the fraction of VH defects is maximalwell above 18%
directions, the component of their oscillating dipole mo-just before VH anneals completely.
ments is larger along the axis than along the axis. Since
the intensities of the modes are proportional to the square of
the oscillating dipole moments, the intensity of the asymmet-
ric stretch mode must therefore exceed that of the symmetric Our results reveal, as expected, that the electronic proper-
stretch mode. Although the Si-H bonds in YHare some- ties of VH; and VO' are very similar. Even so, there are
what distorted, as discussed in the previous subsection, wWeportant differences between the two defects. First*VO
expect them to still be roughly aligned with the pertinentdoes not exhibit a distortion from orthorhombisymmetry.
(111) directions. Based on the relative intensity of the 2063-The overlap between the oxygen lone-pair orbitals and the
and the 2077-cit lines, we therefore ascribe them to the singly occupied dangling-bond orbitals is at maximum in the
asymmetric and the symmetric modes of ¥/ Hrespectively. C,, configuration and this counteracts any distortion. Sec-
The stretch-mode frequencies of YHare lower than ondly, the separatioR between the two silicon atoms carry-
those of VH. Due to the distortion of the Si-H bonds in ing the dangling bonds is shorter in YHhan in VO', as
VH3 towards one of the silicon atoms carrying a danglingdeduced from th® tensors. Within the point-dipole approxi-
bond, the Si-H bonds in V& will be slightly longer than in  mation described abov&®=4.1 A for VH; andR=4.3 A
VHY. Quite generally, a larger bond lengtly leads to a for VO*. This difference is consistent with the expected lat-
lower stretch frequency,. Morsé® was among the first to tice relaxations around the two defects: The two hydrogen

realize this and the suggested thd, is nearly a constant, atoms in Vi repel each otherwhich leads to an outwards
Thus, we get distortion of the two silicon atoms bonded to hydrogen. Con-

versely, the oxygen atom in VOpulls the two silicon atoms
dwy dro bonded to oxygen inwards. Due to the elastic response of the
—=—-3—. (20 lattice, the distanc® is expected to be smaller in \lHthan
@o fo in VO*. Thirdly, the observed sign@hase}of correspond-
With the 59-cm! difference between the 2122- and N9 EPR transitions in the two EPR sigr!als are diffe_rent for
B, along[001], as may be seen from Fig. 1. The sign and
intensity of a line depend on the population difference be-
tween the two levels involved in the EPR transition. The
populations of the triplet sublevels are determined by the
. S . . rates at which these levels become populated as a result of
The illumination-induced intensity drop of the JH - "liumination, and by the rates at which the defect returns
modes in the spectrum shown in Figbbis about 5%, which 4 he electronic ground state. Whereas the return to the
suggests that during stead_y—stat_e |||um|nat|on_5%_ of the NCU5round state is governed by the spin-orbit interaction, and is
tral :/H,Z complexes are in their excited spin-triplet statepence spin dependent, the population of the triplet sublevels
(VH3) in this case. can both the spin dependent and spin independent: When a
The fact that the isochronal annealing of ¥Kmonitored v/, defect in the ground state captures a free electron and a
with the 2063-cm* line) differs from that of VH (moni-  free hole created by the band-gap illumination, the defect can
tored with the 2122-cm" line), as shown in Fig. 6, may be end up either directly in one of the excited triplet substates
explained as follows: The number of JHdefects present with equal probability or in an excited singlet state, from
during steady-state illumination depends on the lifetime andvhich it can decay in a spin-dependent way to the triplet
the number of free carriers, which in turn depend on thesubstates. Neglecting the spin-dependent generation and us-
number and types of band-gap electronic states. When eleing the expressions given by Vlasen&bal 28 for the transi-

F. Comparison of VH} with VO *

2063-cm ' modes and assuming thaj has the same value
as in silané’ (1.480 A), we estimate thadr,~0.014 A, i.e.,
the Si-H bond length in VB is about 0.014-A longer than
that of VH).
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tion rates between the ground state and the triplet substratesiplet state leads to a small distortion, changing the symme-
it is possible to predict the signs of the EPR lines wBgnis  try from orthorhombict to monoclinict. A similar distortion
along one of the principal axes of tli® tensor. These pre- does not occur for VO. This indicates that the presence of
dictions are consistent with the observed signs of the correthe electronically nearly inert units Si-O-Si in VGand Si-H
sponding VO lines, but not with those observed for YH  in VH} do have an observable effect on the electronic prop-
which may be taken to suggest that spin-dependent generarties of these defects. Still, the electronic properties o} VH

tion of VH3 may be important. and VO are similar as expected, being dominated by the
populations of the bonding and antibonding combinations of
V. SUMMARY the two broken silicon orbitals that are not satisfied by hy-

o drogen or oxygen.

The effect of band-gap illumination on the EPR spectra of - From parallel isochronal annealings monitored with EPR
proton- and deuteron-implanted silicon has been measured,q FTIR it is concluded that VH possesses Si-H stretch
An EPR signaDK5, which originates from an excited spin- moqes at 2063.1 and 2077.4 chiBased on their relative

triplet statg of a defgct with monoc]in!c- _(near- intensities, the 2063.1- and 2077.4-chmodes are identi-
orthorhombict) symmetry, is observed. The similarity of the fied as the asymmetric and the symmetric stretch modes,

D tensor 0fDKS W.ith that of VO' indipates_that_ the two respectively. The fraction of Vgrldefects present as \JH
u.n'palred' eIectrqns in theKS defect reside prlmarl_ly at t‘.NO uring illumination is estimated to be-2% for the as-
silicon sites adjacent to & monovacancy. The intensity 0grepared samples. This percentage increases rapidly with an-

DK5 is identical in the spectra of float-zone and . . o
Czochralski-grown samples, indicating that the underIyingggglr'r:j%éeg‘;ﬁztm“;‘?'dk;‘étaz{gfgﬁ the VH; signals disap

defect does not contain oxygen. The observed, partially r
solved anisotropic hyperfine splittings are consistent with the
expected proton hyperfine splittings of YH ACKNOWLEDGMENT
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