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Electron paramagnetic resonance study of hydrogen-vacancy defects in crystalline silicon
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Electron paramagnetic resonance measurements on float-zone silicon implanted with protds kat
followed by heating to room temperature have revealed two si@iglsandS1, belonging to theS1 group of
signals.S1, andS1, both originate from defects with spB}=% and monoclinick symmetry. The near-trigonal
g tensors and several sets%88i hyperfine splittings all closely resemble those observed previousiHSr
the neutral charge state of the monovacancy binding a single hydrogen atom. Analysis of a tiny proton
hyperfine splitting 0fS1, provides strong evidence that this signal originates figsH°, the neutral charge
state of the divacancy binding one hydrogen atom. Parallel studies of the thermal decaygtéf,tisa, , and
S1, signals and of infrared-absorption lines associated with Si-H stretch modes indicawHthpbssesses a
stretch mode at 2038.5 crh whereas modes at 2068.1 and 2073.2 troriginate from theS1, and S1,
defects. On the basis of theoretical results, we argue that the 2068 1roade arises fronV,H° (the S1,
defec) whereas the 2073.2-cmh mode probably belongs té,H®, n=3 and 4(the S1,, defec).
[S0163-182698)05031-0

. INTRODUCTION single hydrogen atornvH® was recently identified by elec-
tron paramagnetic resonan@&PR.'® The EPR spectra re-
The properties of hydrogen impurities in crystalline sili- vealed thatVH® has monoclinid- symmetry (point-group
con have been studied intensively in the pafsAs aresult of  Cy;), and that its electron-spin distribution corresponds to a
this effort, the structures of a number of hydrogen-relatedsingle dangling bond attached to a silicon atom. In accor-
defects have been identified primarily by Fourier transformdance with the expected strength of the Si-H bond, the elec-
infrared (FTIR) spectroscopy, ® Raman spectroscopgy,and  tron spin density at the proton is negligible. The observed
ion channeling:1° These techniques have given valuable in-weak proton hyperfine interaction is fully accounted for in
formation about local vibrational modes associated with hyterms of the magnetic dipole-dipole interaction between the
drogen, and the numbers of hydrogen atoms as well as thespins of the electron and the proton, considered as classical
positions within the defects have been determined. Howevegoint dipoles~2.7 A apart.
little direct information has in general been obtained about In addition to becoming captured by monovacancies, hy-
the electronic properties of hydrogen-related defects. Apardrogen atoms may also_become trapped at small vacancy
from the complexes formed when hydrogen combines with glusters like the divacangyV,, the trivacancy? Vs, and the
group-Ill acceptot®®or a group-V dono?! the isolated planar tetravacané§V,, all of which abound in silicon after
hydrogen atom at the bond-center site was until recently thémplantation of protons. In the present work we discuss the
only case in which both the structure of a hydrogen defectneutral charge state of such clusters binding a single hydro-
i.e., the arrangement of atoms, and its electronic propertiegen atom each, which we denote collectively\tyH°. Each
were convincingly establishéd-14 member of this family of defects has an odd number of elec-
In molecular compounds such as silane, hydrogen antfons and is therefore amenable to EPR study. It seems rea-
silicon atoms form strong covalent bonds with a typical dis-sonable to assume that the electronic structureg,bf® re-
sociation energy of-3.3 eV, whereas only-2.0 eV is re- semble that ofVH®. Hence, we may expect that the EPR
quired to break a Si-Si bond in crystalline silicbhThere-  signals fromV,H° (like that fromVH®) display the charac-
fore, we may expect that hydrogen atoms embedded in teristics of a dangling bond in a vacancy-type defect. A ma-
silicon matrix will form Si-H bonds even when this implies jor EPR signal, denote81, which answers this description,
the breaking of Si-Si bonds. In particular, the binding ofhas previously been observed in proton-implanted
hydrogen to vacancies is a strongly exoenergetic process beilicon21°=22 This signal so closely resembles the signal
cause these defects possess weak, elongated Si-Si bondsfrasn VH® that some care was required in our previous study
well as dangling bondssilicon orbitals occupied by a single to separate out the latteE1 was in the past claimed to
electron. Accordingly, vacancies should efficiently trap hy- display either trigondP~%* or near-trigonal, monoclinit-
drogen atoms. This expectation was directly confirmed by aymmetry??> More recently, Gorelkinskii and Nevinnyi re-
FTIR study of proton-implanted silicon in which monova- ported thatS1 in fact consists ofwo signals in float-zone
cancies binding two, three, and four hydrogen atoms wersilicon displaying trigonal and monoclinicsymmetries?
identified. No microscopic models have been proposed for the defects
The neutral charge state of the monovacancy containing giving rise toS1.

0163-1829/98/5¢)/384211)/$15.00 PRB 58 3842 © 1998 The American Physical Society



PRB 58 ELECTRON PARAMAGNETIC RESONANCE STUDY ©. .. 3843

In the present investigation of proton- and deuteron-FTIR study showed that low-temperature implantation re-
implanted float-zone silicon, we have identified two mem-duces the number of different defect structures.
bers of theS1 group of signals, which we lab&1, and
S1,. Both signals originate from defects with monoclitic-
symmetry. The involvement of a single hydrogen atom in the B. EPR measurements
underlying defects is demonstrated directly &ir,, whereas EPR spectra were recorded with a Bruker ESP300E spec-
it is inferred for S1,. We argue thasS1, originates from  trometer operated in the absorption mode~#.2 GHz (X
V,H? and thatS1, most likely originates fromVsH® and  pang, in conjunction with a Varian E-257 variable tempera-
possibly also fromv,H°. Parallel EPR and FTIR measure- ture device, which allowed the sample temperature to be set
ments on identical samples show thet® possesses a Si-H  in the range 90-570 K by means of a thermostatted gas flow
stretch mode at 2038.5 ¢ and that two other Si-H stretch through a quartz dewar tube inserted into the microwave cav-
modes at 2068.1 and 2073.2 thare correlated with the ity. The sample was glued to a short brass rod, which was

S1, and S1, defects. connected to a goniometer head by a stainless-steel capillary
tube in order to minimize the thermal leak. The sample tem-
Il. EXPERIMENTAL DETAILS perature was monitored with a copper-constantan thermo-

couple placed within the stainless-steel tube, in contact with
the brass rod approximately 15 mm down stream from the

Samples shaped as rectangular parallelepipeds measuriagmple.
15X 5% 0.5 mn? with the large faces normal to tHd.11] The microwave frequency, and the static magnetic field
axis and the small faces §50.5 mnf) normal to the[110] B, were monitored continuously during scans by means of a
axis were cut from float-zone silicon with a quoted contentHewlett-Packard 5350B frequency counter and a Bruker
of carbon and oxygen below ¥0cm 3. The material was ER035M NMR gaussmeter. The NMR probehead was
uncompensated type with a resistivity of~600( cm, cor-  placed between the microwave cavity and one of the pole
responding to a phosphorus concentration of9 pieces of the magnet. Thefactor measured for polycrystal-
%102 cm 3. The samples were polished on both largeline DPPH (diphenylpicrylhydrazyl with this setup was
faces, and were subsequently etched lightly in a mixture of.003 55, indicating that systematic errors due to field offset
HF and HNQ to remove surface defects. were absent.

During the implantation, the samples were mounted inside The one-axis goniometer allowed rotation of the sample
a vacuum chamber on a copper block, which was in goodiround the normal to the horizontal plane containBg
thermal contact with the cold finger of a closed-cycle heliumand, moreover, the goniometer-cavity assembly could be
cryocooler. The samples were cooled to a temperature dflted several degrees in the vertical plane containBg
about 20 K, and implanted with protons or deuterons througtWith this facility we could makeB, follow the (110) plane
0.2-mm aluminum. The sample temperature rose as a resuif the sample to within 0.3° by adjusting the tilt angle to
of the implantation, but was always kept below 130 K. Theobtain a complete coalescence of corresponding EPR lines
background pressure in the chamber was about® #0rr  from defect sites interrelated through reflection in that plane.
during the implantation. In the following, samples implanted The orientation 0B, within the (110) plane, specified by the
with protons and deuterons are denoted Si:H and Si:D, reangle¢ betweerB, and the001] axis, was determined simi-
spectively. Protons were implanted into one of the 15larly from the coalescence of symmetry-related lines ob-
X 5-mn? faces at 56 different energies in the range from 5.3served forB, directed along the three major axg301],
to 10.5 MeV, whereas deuterons were implanted into bothf111], and[110]. The accuracy achieved was0.2°.
15x 5-mn? faces at 38 different energies in the range from  The signalsS1, and S1, discussed here have very simi-
5.0 to 10.6 MeV. The implantations were carried out in alar, near-trigonafj tensors and therefore overlap heavily. At-
seguence going from high to low energies. The dose at eadiempts to enhance the separation of the signals by recording
energy was chosen to yield a nearly homogeneous concethe EPR spectra @ band(35 GH2 rather than aX band
tration of hydrogen isotopes of abouk30'” cm~3 through-  were frustrated by a substantial increase of the linewidth: the
out the sample. The ion beam was defocused and the laterabserved peak-to-peak width of ti4 lines was 2—3 times
distribution was monitored with a beam scanner located belarger atQ band than aK band, suggesting a significant local
tween the sample and the slits defining th&0x7-mn?  variation of theg values. Consequently, the small proton
beam spot. Thereby, the lateral distribution could be conhyperfine splitting of theS1, signal, as well as all but the
trolled and kept uniform to within-20% over the beam spot. largest?°Si hyperfine splittings, could only be resolvedat
At each energy, the flux of implants was determined beforédand. The present results are therefore basextioand spec-
the implantation from the current measured in a calibratedra in which the desired resolution enhancement was ob-
beam cup with a 2-mm acceptance hole, and the implantatiorined by third-harmonic detectioA?* the magnetic field
time was then calculated to yield the desired dose. The cuwas modulated at 33 kHz, while the EPR signal was lock-in
rent typically fluctuated by-20%, which gives a rough mea- detected at 100 kHz. The signal obtained in this way re-
sure of the uncertainty of the implanted dose. After the im-sembles closely the third derivative of the absorption curve.
plantation the samples were allowed to warm up to roonilhe peak-to-peak width is reduced compared with that of the
temperature. At that point the samples were highly resistivdirst-derivative curve by 26% for Gaussian line shape and
due to compensation of the phosphorus donors throughod4% for a Lorentzian line shape, and, furthermore, the
the sample. The implantation was carried out at low tempera“tails” of the curve are strongly suppressed. As the third-
ture rather than at room temperature because a previowsrivative signal is inversely proportional to the fourth

A. Sample preparation
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power of the linewidth, detection of relatively weak, narrow SiD B, I [111] 92380 GHz
EPR lines is possible even when they are almost obliterated
by intense, broad lines in the first-derivative spectrum. The
third derivative of a Gaussian or Lorentzian line shape has a 295K 4
pair of weak “sidebands” on either side of the main peak.
These artifacts can be removed by addition of a small-
amplitude 100-kHz field modulation to the 33-kHz modula-
tion. In the present experiments no such sidebands were ob- 200 K b
served, however, so that no 100-kHz modulation was
employed. The line shapes 61, andS1, are neither Gauss-

ian nor Lorentzian, which may suggest a superposition of
lines with different widths and, hence, account for the ab-

. . . . 200K c
sence of sidebands in the resolution-enhanced signals. »
C. Derivation of hyperfine parameters SII
b
The hyperfine tensors describirf§Si splittings and the s, S1,+51,

proton splitting of S1, were derived by simulation of the
entire spectrum: The spin Hamiltonian term in question was
first fitted to the spectra measured wiBy along [001],
[111], and [110]. Subsequently, the results were checked B, (mT)

against several spectra having general orientatior,dh FIG. 1. EPR spectra of deuteron-implanted silicon recorded at

the (110) plane. Gaussian first-derivative line shapes wergwo sample temperatures. Curvasand b are conventional first-
used in all simulations. This accounts for some of the rederivative spectra, whereas cune was obtained with third-

sidual discrepancies between the simulated and resolutiomarmonic detectior(see text Main EPR lines belonging to the
enhanced experimental spectra. Because the proton hyperfisignalsS1, andS1, are indicated in curve.

coupling of S1, is much smaller than the nuclear Zeeman

energy of the proton in the employed field, the proton split- An X-band spectrum of Si:D recorded with conventional
ting observedbetweenthe principal directions strongly re- first-harmonic detection at 295 K witB, along the[111]
flects the relative signs of the principal values of the hyper-axis is shown in Fig. 1, curva. Two intense lines are ob-
fine tensor. This allowed an unambiguous determination ogerved at 328.6 and 329.9 mT, which agree very well with
these signs by means of the simulations. the positions expectéd ! for the lines of S1. Hence we
assign the lines to this group of signals. When the sample
temperature is lowered to 200 K, the broad line at 328.6 mT
_ _ ) ~ splits into two partially resolved 1inés (curve b). The sig-

A proton-implanted sample was cut in two pieces, whichpificant enhancement of the spectral resolution obtained with
were used for monitoring EPR signals and Si-H stretchhjrd-harmonic detection in the present study is demonstrated
modes(by FTIR) after each step in a sequence of 60-minjy curvec of the figure.
heat treatments in the temperature range 421-674 K. The The S1 lines observed at 200 K originate from two dis-
temperature increment wasl5 K per step. The sample used tinct, although very similar EPR signals label®tl, andS1,,
for EPR was annealed in the microwave cavity with the deq, Fig. 1, curvec. WhenB, is along[111], S1, andSL1,, both
vice described above, whereas the sample used for FTIR wggnsist of just two resolved lines, which might seem to indi-

annealed in a furnace in ambient air. The temperature Wagste thatS1, and S1, originate from trigonal defects with
monitored with identical thermocouples in the two sets Ofspin S=1. However, the spectrum recorded wig parallel

heat treatments. The EPR spectra were recorded at 125 agd[110] shows that both signals contain four lines for this
312 K, W_hereas the FTIR spectra were recorded at 12 K. ientation (Fig. 2, indicating that the symmetry is
The Si-H stretch modes, occurring in the spectral rangénonoclinicd rather than trigonal.

1800-2250 cm', were measured with a Nicolet, System  The monoclinick symmetry of theS1, andS1,, defects is
800, Fourier-transform spectrometer equipped with a glowggnfirmed by the variation of the positions of the EPR lines
bar source, a Ge:KBr beamsplitter, and a mercury cadmiuynenB_ is rotated in the110) plane. Figures @) and 3b)

telluride detector. The sample was mounted in a closed-cyclgnaow the line positions measured at 333 and 200 K, respec-
helium cryostat with Csl windows. The apodized resolutiontivew' As described below in Sec. Il DS1, is observed

| | ! | | ]
328.0 3285 3290 3295 3300 3305

D. Annealing study

~1
was 0.5cm”. alone at 333 K. The solid lines in Fig(8 are calculated
from the spin Hamiltonian,
lIl. RESULTS H=ugS-g- By, 1)

A. Major EPR transitions wherepug is the Bohr magnetor§ the electron-spin operator

Since no hyperfine splittings from implanted deuterons(S=3), andg a g tensor with monoclinid-symmetry fitted
were resolved, the EPR spectra of Si:D are somewhat sinto the data points. The dashed lines in Figh)3epresent the
pler than those of Si:H. Therefore, we first discuss $ie fit to the S1, data obtained with the spin Hamiltonian of Eq.
signals arising from Si:D. (1), a monoclinict g tensor, and spirs= 3. The solid lines
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[001] [111] [110]
9.2400 GHz

Si:D B, I [110] 9.2332 GHz

200K 3300 | SiD
81, Si, 333K

oS,

s1,,

B,(mT)

L I I I 1 I 1
328.0 3284 328.8 329.2
B, (mT)
FIG. 2. EPR spectrum of Si:D recorded at 200 K with third- 0 30 60 90
harmonic detecti_on._ The main EPR lines belonging to the signals (a) @ (degrees)
S1, andS1, are indicated.
[001] [111] [110]

are identical to those in Fig.(8. The parameters of thg 330.0 L SiD 9.2400 GHz
tensors forS1, and S1, are given in Table | together with an
those obtained previousfy/for VHC.

B. Hydrogen hyperfine splitting

The spectra of Si:H and Si:D recorded at 150 K with
along[111] and[110] are shown in Fig. 4. The larger num-
ber of resolved lines in the Si:H spectra reveals t84f
exhibits a hyperfine splitting from a single proton. In con-
trast, no proton hyperfine splitting is resolved $4,,. The
S1, lines in the Si:H spectra were analyzed as described in
Sec. Il C with the spin Hamiltonian

H=usS 9-Bo+S Ay ly— ungulH-Bo, 2

whereA, is the tensor describing hyperfine interaction with
the single protonl is the spin operator for the protop, | | | | |

the nuclear magneton, argl, the nuclearg factor for the 0 30 60 90
proton. The components &, obtained from the fit to the (b)
S1, data are given in Table I. It is seen thfaf, is near-axial
with the unigue axis close to @10 direction. The stick

B, (mT)

¢ (degrees)
FIG. 3. (a) Angular variation in th€110) plane of the positions

. . h fiel fah of the EPR lines belonging t681,. Circles(O) represent the line
diagram in Fig. 4 represents the resonant fields ofShg positions measured at 333 K, and the solid curves show the posi-

andSl, lines calculated from Eqs2) and (1), respectively, tions calculated for a defect witB=%, monoclinici symmetry,
with the parameters given in Table I. Simulations of the Si:Hap theg tensor parameters given f&, in Table . (b) Corre-
spectra, also included in Fig. 4, agree well with the observedponding angular variations of 181, (®) and S, (O) signals at
spectra. Because the deuteron has nuclear lgpinl, the 200 K. Dashed curves show the line positions calculated for a

S1, lines in Si:D split into triplets. However, as the nuclear monoclinici defect withS= and theg tensor parameters listed for
g factor of the deuteron is 6.5 times smaller than that of thes1, in Table I. The solid lines are identical to those showr{an

proton, the total splitting of &1, line is about 3.3 times less
in the Si:D spectrum than in the Si:H spectrum, and, henc

e, .. . . .
remains unresolved. (~1:40 are observed in the Si:H spectrum. The only silicon

isotope with nonzero nuclear spin #€Si, which hasl =3,
and a natural abundance of 4.67%. Therefore, when an un-
paired electron interacts with a single silicon atom, @i

A wide-range spectrum of Si:D recorded at 150 K with  isotope gives rise to a pair of satellite lines with an intensity
along[111] is shown in Fig. 5. Each of the stror#l, and ~41 times lower than that of the central line associated with
S1, lines in the central range 327-331 mT has a pair ofthe other isotope4®Si and3°Si. Accordingly, we assign the
satellite lines as indicated in the figure. Similar satellites withsatellite lines in Fig. 5 to hyperfine interaction witPSi lo-
the same intensity relative to those of the central linesated at a unique silicon site.

C. Silicon hyperfine splittings
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TABLE 1. Splq H.amlltonlan parameters for théH S|.gnal, 150K B, 1 [111] 9.2036 GHz
S1,, and S1,. Principal axes are denoteq Y, and Z, with Y
parallel to thg110] axis, andX andZ spanning th€110) plane.® Sf_" ;g,]_“\
is the angle betweer and the[110] axis. Principal values ofAg; 51 ;}I
andAy, are given in MHz. Limits of errorg, +0.0001;"Ag;, +1.0 b X
MHz; Ay, £0.3 MHz. ‘
SiD /\,J\/\/\
Principal (S1,) (S1,)
Term  direction VHPO V,H V3H? J I
X 2.0090 2.0110 2.0100 1
Y 2.0114 2.0100 2.0094
g z 2.0006 2.0008 2.0009
(0] 32.4° 31.0° 33.2°
X -3.3 1.4
A Y -4.6 1.6
H z 8.5 3.8
Q) 8.0° 4.5°
X, Y -275 —268 —-261
IAg; z —435 —420 —420 Simulation
0 35.3° 35.3° 35.3°
1 1 1 1 /{1 1 1 1
20 X, Y —27 -1 37 327.1 327.2 3273 327.4 '/ 3285 328.6 328.7 3288
Si z2 -34 —48 —43 (@) B, (mT)
3 X, Y -25 -225 -23.0
Asi 7 _40 _365 _305 150K B, 11 [110] 9.2058 GHz
in X, Y ~11 ~105 Si, 581, Sl 81,
si c _ —
z 14 15.0 s1, SI,
=
5A .. XY -6 '
Si ZC 78
si z -135 -6
#Two equivalent silicon site< is taken alond111] and[111].
®Three nearly equivalent silicon site&.is taken alond111].
“Three nearly equivalent silicon site&is taken along111], [111],

and[111].

The 2°Si satellite lines have been analyzed with the spin
Hamiltonian:

H=ugS g-Bo+S-'Ag- Hsi— ungsi'lsi- Bo. 3

wherelAg; is the2Si hyperfine-interaction tensot| ; is the
nuclear spin operator, argk; the nuclearg factor for 2°Si.
Within the limits of error, thelAg; tensors obtained fdB1,
andS1, are axial with their unique principal axis parallelto  (b)
the(111) direction along which the unique principal axig)(

of the corresponding tensor is nearly aligned. The principal
values of*Ag; are given in Table I.

In addition to the?°Si satellite lines shown in Fig. 5,
several pairs of satellite lines with much smaller splittings
are observed around the cent&ll, and S1; lines. This is
illustrated in Fig. 6, which depicts the spectrum of Si:D re-
corded at 200 K wittB,, parallel to thd 111] axis. The same
satellites are observed in the corresponding spectrum dgymmetry of the defect, and the hyperfine tensors associated
Si:H. Consequently, we assign them to hyperfine interactionwith these sites are approximately axial. For the orientation
with 2%Si nuclei. For bottB1, andS1,,, two sets of satellites of the defect that has thi¢axis of theg tensor almost aligned
with splittings of the order 1 mT could be resolved for mostwith [111], the unique axes of these hyperfine tensors point
orientations ofB, in the (110) plane. One of these sets cor- along[111] and [111]. The other set involves three nearly
responds to two silicon sites that are equivalent by the mirroequivalent silicon sites; the associated hyperfine tensors are

| | | | /¢4
327.1 327.2 3273 H

1 1 I 1
328.1 328.2 328.3 3284

B, (mT)

FIG. 4. Comparison of EPR spectra of Si:D and Si:H recorded
with third-harmonic detection. Solid curves: observed spectra; bro-
ken curves: simulations based on théensors ofS1, andS1, and
the proton hyperfine tensay for S1, listed in Table I. The stick
diagrams indicate the splitting of th®l, lines due to hyperfine
interaction with the nuclear spins of the deuteron and the proton.
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Si:D B, 1l [111] 9.2338 GHz Si:D B,Il[111] 9.2320 GHz
150K 200K

LA x40
»si [Zsi+*%si| [ si |
I I 1 1 1 L | L 1
322.0 326.0 330.0 334.0 338.0 ;
B,(mT) | L | | | |
. . . 327.5 328.0 328.5 329.0 3295 330.0 330.5
FIG. 5. Wide-scan EPR spectrum of Si:D showing the presence

of weak hyperfine satellites to the main linesif, andS1, . Solid B, (mT)
curve: observed spectrum recorded at low resolution so th&1lthe FIG. 6. Central part of the EPR spectrum of Si:D recorded at

and S1, components of the left-hand main line are barely distin- high gain with third-harmonic detection to show tFiSi-hyperfine
guishable(see Fig. 1, curvd). Broken curve: simulation obtained structure. Solid curve: observed spectrum; broken curve: simulation
with the trigonal hyperfine tensorAg; listed for S1, and S1, in obtained with the full set of spin Hamiltonian parameters listed for
Table I. S1, andS1, in Table I.

nearly axial with the unique axes almost parallel[14.1]. D. Temperature dependence of theS1 signals

The available data did not allow a complete determination of As noted above$l, cannot be observed at sample tem-
the two sets of hyperfine tensdf¥As} and{3Ag}, describ-  peraturesT=330 K. In contrastSl, remains observable to
ing the satellites. Therefore, the two tensff&g}, which by ~ 450 K. The gradual, reversible decreaseSbf with increas-
symmetry have identical principal values, were taken to béNd temperature is illustrated in Fig. 7, which shows the
axially symmetric with respect tp111] and[111], whereas high-field part of the Si:H spectrum recorded wih along
three identical axial tensors with axes aldig 1] were used [111] [see also Fig. @]. The [elducnon of the height of the
for the set{3Ag}. A satisfactory representation of the ob- Sl line roughly reflects tha = dependence of the differ-

served splittings was obtained with the principal values ofSNc€ between the populations of the spin levels involved in
2Ag; and 3Ag; given in Table | the EPR transition. We ascribe tlaglditional reduction of
| | .

Apart from the two sets of°Si satellites just discussed, the height of theS1, lines to a thermally induced increase of

S1, has one additional set arfll,, has two additional sets :gerélgoel\\//v;d:ﬂésslln(;iéhslrld “irénsum'c:idet?e c:;}oensvivansalerg\eﬁlo%ed
that are resolved in the spectrum in Fig. 6. It has not bee a b g- 7 g g

) . . o -~ (for constant line shapeis inversely proportional to the
possible to analyze these three sets in detail. Their intensitigs |, power of the linewidth, implying that only a minute

indicate that they all involve three near-equivalent Siliconbroadening is required to produce a significant decrease in
sites. If it is assumed that each set may be represented by g opserved signal height. Even so, an observable broaden-
axial hyperfine tensor with its unique axis alongld1) di-  hg of the S1, lines should accompany the decay of the
rection, the principal values and the spec{fid 1) axes may  signal. However, owing to the strong overlap with the central
be estimated from the spectrum shown in Fig. 6. The result51b line, the broadening of the1, lines only emerges when

; 4 5 6 ; ;

ing tensors™Ag;, “As;, and *Ag; are included in Table I. A {he's1. andS1, lines are fitted simultaneously with combi-
simulation of the Si:D spectrum in Fig. 6 based on the hy-ations of Gaussian and Lorentzian line profiles.

perfine tensors described in this subsection is included in the

figure. The agreement between the simulated and observed
spectrum indicates that the tensors given in Table | account
for all prominent?°Si satellites. The parallel isochronal annealings of two identical
In EPR spectra recorded at 45 K, tkél° signal displays proton-implanted samples, monitored by EPR and FE&e
several sets 0f°Si satellites, which are very similar to those Sec. Il D), were carried out to search for Si-H stretch modes
observed forS1, and S1,. The hyperfine tensors deduced belonging tovVH® and to theS1, andS1, defects. A section
from the spectra, which were not reported in Ref. 16, areof the FTIR spectrum of Si:H recorded before annealing is
included for comparison in Table I. shown in Fig. 8. Several sharp absorption lines are observed,

E. Thermal decays of EPR signals and Si-H stretch modes
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Si:D B,1I[111] 9.2037 GHz 4 | | | | | I
s, S, si, b 1
iy
% 1.0 — —
g
= 0.8 - -
150K N
< — —
£ 0.6
200K = o4l ®20385 em™ |
' v VH’ (EPR)
250K 0.2 - N
270K 0.0 Lt L
250 300 350 400 450 500 550 600
290K Annealing Temperature (K)
‘ | ‘ FIG. 9. Thermal decays of the EPR signal fram®, and the
310K FTIR line at 2038.5 cm! as observed in two parts of the same Si:H
[ | ‘ sample. The intensities of both signals have been normalized to the
330 KWJ\/_/\' values obtained after annealing at 273 K.
| | | 1 | | i
328.5 328.6 328.7 328.8 The thermal decays ofH° and of the 2038.5-cimt mode

coincide within the limits of experimental error, as illustrated
in Fig. 9. Figure 10 indicates that the same applies to the
decays ofS1, andS1,, and of the Si-H modes at 2068.1 and
2073.2cm™%®

We note that the weak FTIR line at 1942.3 chalso
decays at about 480 K, and, hence, might seem to be asso-
among which those labeled;H IH,, andVH, were shown ciated withVVH®. However, the initial intensity of this line
previously to represent Si-H stretch modes of thesalisplays a variation from sample to sample that is unrelated
defects® The lines at 2038.5, 2068.1, and 2073.2¢mall  to the variation of the intensity of théH° signal, indicating
shift downwards in frequency by a factor 6fV2 to 1494.6, that the 1942.3-cit line originates from a different defect.
1507.6, and 1511 cnt, respectively, when hydrogen is re-

B, (mT)

FIG. 7. Temperature dependence of 8, and S1,, signals
from Si:H, measured with third-harmonic detection. The lines
shown are the high-field part of the signéts. Fig. 4(a)].

placed by deuterium. Thus these lines also represent local IV. DISCUSSION

vibrational modes of hydrogen defects and are candidates for .

Si-H stretch modes associated witH°, and theS1, and A. Assignments ofS1, and S1,,

S1, defects. The g tensors ofS1, and S1, and the hyperfine tensors

The spectra recorded during the annealings show that th&a; describing the large hyperfine interaction with?%gi
EPR signal fromVH® and the mode at 2038.5 ¢rh both

disappear at about 480 K, where#ts, andS1, and the Si-H | | | | | 1
modes at 2068.1 and 2073.2 chall decay at about 530 K. Lar v, 7
v
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FIG. 8. Section of the FTIR absorbance spectrum of Si:H cov- Annealing Temperature (K)

ering the range of the Si-H stretch modes. The spectrum was re- FIG. 10. Thermal decays of the EPR sign8ls, and S1,, and
corded at 12 K with an apodized resolution of 0.5 ¢mAbsorption  the FTIR lines at 2068.1 and 2073.2 thas observed in two parts
lines previously assigned to specific defect structures are labeleof the same Si:H sample. The intensities of both signals have been
H3, 1H,, andVH,, respectively. normalized to the values obtained after annealing at 273 K.
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lows: The isotropic componerd=3(Ax+Ay+A,) of the

Ay tensor is 2.3 MHz, which, when compared with the value
1420 MHz characteristic of atomic hydrogen, indicates a
near-vanishing electron-spin density at the proton. Therefore,
the anisotropic part of\,, represents a dipolar coupling be-
tween the proton spin and the electron spin, which resides
predominantly in a “distant” dangling-bond orbital. The di-
polar hyperfine parameteb=3%(2A,—Ax—A,) has the
value 0.77 MHz. Within the point-dipole approximation, the
distancg|R|| from the proton to the silicon atom carrying the
dangling bond may be estimated by the formulba
=geuadnunlRl 3, whereg, is theg factor of the electron.
The result is|R||=4.7 A. Neglecting relaxations around the
defect and assuming that the Si-H bond is aligned with a
(112 direction and has the lengfh1.48 A, we find that the
distance from the proton to the silicon atom carrying the
dangling bond is 4.6 A itv,H?, 6.5 A inV3HC, and 8.4 A in
V,HC. Consequently, we identify th&1, defect withV,H°C.

This identification is consistent also with the observed direc-
tion of the unigque axiZ of Ay which deviates by only 4.5°
from the[110] axis: Again neglecting relaxations, we find
from the model that the vector connecting the proton and the
silicon atom carrying the dangling bond lies 6.3° from the
[120] direction.

Apart from the absence of a resolved proton hyperfine
interaction,S1;, is very similar toS1,. Moreover, the con-
centration ofS1, andS1,, defects are equal within a factor of
2, and their annealing behaviors are nearly identical. These
findings immediately suggest that ti81, defect, like the
S1, defect, belong to th¥,H® family. Noting also that none

FIG. 11. Sketches of the defecsH?, V5H®, andV,HC. The  Of the vacancy cluster¥, identified earlier by EPRRefs.
silicon sites labeledl), (2,2), and(3) give rise to the®Si hyper- 17, 18, and 27—2%have spin Hamiltonians consistent with
fine tensors'Ag;, 2Ag;, and *Ag;, respectively. that of S1,,, we assigrSl,, to V3H°. However, we note that

the experimental findings do not rule out that larger com-
nucleus at a unique site closely resemble the correspondirglexes likeV,H° also contribute t&1,. This assignment is
tensors determined earft&for VHC (Table ). SinceVH®is  consistent with the lack of resolved proton hyperfine split-
a typical vacancy defect in which the unpaired electron retings of S1,: With the proton-electron separations 6.5 and
sides primarily in a dangling-bond orbitdl,we therefore 8.4 A estimated from the unrelaxed models \6§H® and
assignS1, and S1, to vacancy-type defects with a single V,4H®in Fig. 11, the dipolar hyperfine splitting would not be
dangling bond. resolved in the EPR spectra. Additional support for the pres-

The monoclinick symmetry of theg tensors indicates that ence of a hydrogen atom in ti#l,, defect as well as in the
both defects have é.10) mirror plane. Combined with the S1, defect is provided by the observation of Si-H modes
presence of a hydrogen atom, established by the hyperfingith the same annealing behaviors %, and S1,,.
interaction with a single proton, these observations lead to
the identification of theS1, defect with a member of the
family V,H°, whereV, denotes a planar cluster nfvacan-
cies, forming a zigzag chain in th@10) plane. The unen- In addition to the obvious assignment of the largsi
gagedsp*-like orbitals on then pairs of silicon atoms, bor- hyperfine tensorAg; to the site denotedl) in Fig. 11, the
deringV,, symmetrically on either side of the plane, foorm hyperfine interactions described by the pair of equivalent
elongated, weak Si-Si bonds perpendicular to the plane. Thiensors{?Agj} can be associated with the pair of silicon sites
corresponding orbitals on the two silicon atoms lyinghe labeled (2,2) in the figure, and with the corresponding sites
plane at either end of the vacancy chain interact only weaklyin VH. In the case o¥/HC, this follows from the observation
and may in the neutral charge state® of the cluster be of 2°Si hyperfine satellites at temperatures where the dan-
considered as dangling bonds. When a hydrogen atom is cagling bond jumps swiftly among the sites 1, 2, arid Rnder
tured by one of the dangling bonds, a strong Si-H bond ighose conditions the satellites correspond to three equivalent
formed, and the electron spin density becomes localized osilicon sites with unique hyperfine axes alofidl1], [111],
the other dangling bond at the opposite end of the vacancgnd[111]. Hence these satellites represent the hyperfine in-
chain. The resulting structures WEH®, V3HC, andV,H® are  teraction averaged over the three equivalent positions of the
sketched in Fig. 11. dangling bond invVH®. The measuredcommon principal

The number of vacancies involved in tB&, defect may values of the hyperfine tensors equal those calculated from
be inferred from the observed hyperfine tenggr as fol-  the algebraic mead[*Ag(1)+2Ag(2)+2Ag(2')], which

- [110]

B. Interpretation of the small 2°Si hyperfine splittings
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strongly indicates that théAg; hyperfine tensors represent C. Motional effects
the spin density at the sit¢®) and (2) when the dangling As noted above, th#H° defect reorient® when the tem-
bond is attached to the sif#). perature is raised above60 K by bond switching among

From the similarity of the tensoréAg; of V,H® andV3H®  the three silicon neighbors that do not bind to the hydrogen
with that of VHC (Table )), we infer that?Ag; also forV,H®  atom. UnlikeVHC, neitherV,H® nor V3H° can reorient into
andV3HC belongs to the pair of equivalent sites (3,2We  an equivalent configuration solely by a similar rearrangement
note that Watkins and Corb&ttearlier carried out a similar of the Si-Si bonding. Such a rearrangement would yield a
analysis of?°Si satellite splittings in th&/ P° signal (E cen-  defect with triclinic symmetry, which we suspect will have
ten, which closely resembles théH® signal. They obtained higher energy than the monocliniceonfiguration. This ac-
the isotropic hyperfine coupling constdat = 37.2 MHz for counts for the absence of motiona[ effects in the temperature
295 |ocated at the pair of sites corresponding to those labelefnge (60150 K where theVH® signal transforms into a

; 6
(2,2) in Fig. 11. This value ofa| is in fair agreement with ~ trigonal signaf. _ o _
the isotropic constants calculated frofi\g; for all three Above 200 _K' the trlgonaVI_-| S'gf?a' broadens and dis-
V.HO defects. appears, possibly due to a rapid motion of the hydrogen atom
n inside the vacancy. If the hydrogen atom\igH° similarly

No experimental clue to the origin of the three hyperflnejumps among the silicon neighbors above 200 K, a simulta-

3
tensors{ Asit has been feynd. It would seem netural 0 a5 heous reorientation of the dangling bond and the Si-H bond
sign them to the three silicon atoms bonded directly to theCould oceur inV,H®, implying a rotation of the mirror plane
atom carrying the dangling borithe sites labeled) in Fig. ;16,04 the(111) axis connecting the two vacancies. A cor-
11]. However, theoretical results for a related defect, Rae responding rotation would not occur Wi;H° since this de-
center, indicate that such an assignment is incorrect.PHhe oot s effectively locked to the plane defined by the three
center may be described as a silicon dangling bond at g,cancies. Therefore, the observation that 8, lines
Si-Si0, interface pointing into a microvoid in the silica prgaden and disappear at about 310 K, while $ig lines

phase. Accerdingly, the essential part of the electronic Strucpersist to higher temperatures may simply reflect the differ-
ture of Py, is expected to resemble a dangling bond in agq¢ geometries of/,H° and VHC.,

silicon vacancy. Indeed, thg tensof: (9j=2.0011, g,
=2.0080) and the largesfSi hyperfine interactiott (A=
—423 MHz, A, = —239 MHZz) are similar to those reported
here forV,HC. The P, signal furthermore exhibits “shoul- As described in Sec. Il E, thy’H° signal displays the
ders,” indicating the presence of additional hyperfine split-same annealing behavior as the Si-H stretch mode at
ting from 2Si described by the hyperfine parametéxs 2038.5cm*, which is one of the most intense modes ob-
=—42.6 MHz andA, = —34.9 MHz, with the unique axis served in our samplgsee Fig. 8 Furthermorein situ type
directed within a few degrees along il 1] symmetry axis FTIR studies, which we plan to report in a subsequent pub-
of the defect. The similarity witffA; of theV,,HC defects is  lication, have shown that the 2038.5-Chmode appears
evident. Calculations by Cook and Whiten cluster models when vacancies become mobile. We conclude that the
of the P,, center unequivocally show that this splitting of the 2038.5-cmi* mode originates fronvH®.
P, signal originates from a significant spin density on the This assignment is consistent with theory. The Si-H
second-nearesteighbors to the atom carrying the dangling stretching frequencies calculated by several grdgsus-
bond, corresponding to the sites label@lin Fig. 11. The ing different methods are listed in Table IIl. The frequencies
hyperfine parameters obtained for the relaxed configuratiosalculated for VH® substantially exceed the observed
of the model complex $jH,; are A= —36.3 MHz andA, 2038.5 cmil. This is expected, however, from comparison
= —23.3 MHz, the unique axis deviating 1.6° frqm11], in  of the calculated and observetfrequencies fo'VH, and
good agreement not only with the experimental result for thd Hy. If the ratio between the calculated and observed fre-
P, center, but also with the tenso{%ASi} determined for quencies is assumed to be roughly the same for different
V,H°. In contrast, a near cancellation of direct and polarizahydrogen defects, the “true” frequency &H® may be es-
tion contributions to the spin density at the three nearesiimated from those calculated. The results, included as
neighborg[the sites labeled4) in Fig. 11] reduces the¢°Si  scaled frequencies in Table Il, range from 2039 to
splittings calculated for these sites t66 MHz3? On this 2119 cnm™. Hence they all deviate by less than 4% from the
basis we assign the hyperfine tensfitag} to the second- observed frequency.
nearest neighbor sité8). Further experiments, e.g., electron  As shown in Fig. 10, the thermal decays $f, (V,H°)
nuclear double resonance measurements, are clearly needwtd S1,, (V3H®) coincide with those of the so far unidenti-
before assignments can be made of the w&sk hyperfine  fied Si-H stretch modes at 2068.1 and 2073.2 tnBoth
interactions described by the tensdisg;, °Ag;, and®Ag.  modes were earlier found to arise from defects containing a
Our assignments imply that only three of the silicon at-single hydrogen atorif: In addition, uniaxial stress measure-
oms bordering the vacancy chain carry significant electronments revealed that the defect giving rise to the mode at
spin densities. Moreover, these spin densities are nearly co?068.1 cni* has monoclinid- symmetry, whereas the sym-
stant through the serie¢H®, V,H° andVsHC. Hence, not metry of the 2073.2-cm* defect could not be determined
only the g tensor but also the detailed distribution of the because of overlapping absorption lirfé$? On this basis,
electron spin is a general characteristic of this kind of dewe ascribe one of these modes ¥gH® and the other to
fects, and therefore convey little information about the sizeV3gHC. Interpreting the~30-cmi! increase of the Si-H
of the vacancy cluster involved. stretching frequency observed when going frar® to

D. Correlation with Si-H stretch modes
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TABLE Il. Comparison of calculated and observed frequeneiesf Si-H stretch modegin cm™). wg
andw, denote frequencies of the asymmetric and symmetric stretch modes, respectively. The frequencies in
brackets(denoted scaledare determined from those calculated by multiplication with a common factor that
yields the best agreement between the scaled and the observed frequen¥ids &od | H,.

VH, IH, VHO

References wp W wp wp )

De et al. (Ref. 33 Calc. 2210 2213 2306
Scaled (1987 (1989 (2073

Bech Nielseret al. (Ref. 39 Calc. 2314 2318 2143 2145 2293
Scaled (2138 (2142 (1980 (1982 (2119

Parket al. (Ref. 35 Calc. 2268 2168
Scaled (2133 (2039

This work and Refs. 5 and 6 Obs. 2121.3 2143.8 1986.5 1989.4 2038.5

V2HO (or V3HO) as reflecting primarily the reduced interac- impurity influence theg tensor significantly. Indeed we were
tion between the Si-H group and the dangling bond, we mayble to resolve a tiny hyperfine splitting from hydrogen in
expect a further, small upwards frequency shift frggH®to  V»H° only because the nuclearfactor of the proton is so
V3HC. Hence, we assign the 2068.1-chmode toV,H’ and  large. Thus, the main effect of the group-V impurity or Si-H
the 2073.2-cm' mode toV3H®. We note that with this as- Unit is to dictate an odd number of dangling bonds so that the

signment, the Si-H stretch frequencyfH® increases with ~ ground state of the defect has si8r 3.

n and seems to approach the frequency 2086.3'cob- Within this framework, the similarity oB2 andH10 with
served for a Si-H bond on an ideal monohydriell) — Slp may be taken to suggest tHa2 andH 10 both belong to
surface®® a family of defects in which planar vacancies have a group-V

It may be added that D&aet al®® found that the Si-H impurity atom as a neighbor in the plane. It has often been
stretch frequency of,H" is 1.1% higher than that ofH*.  assumed that th&1 and B2 defects were identicaf.**
If this shift is assumed to apply #,H° andVH® as well, the ~ Now, it appears, however, that although their EPR signals
frequency of V,H® estimated from that ofVH® is  are hard to distinguish, these defects belong to two different
2061 Cmfl_very close to the observed frequency of thebut ClOSEly related families. To reduce the ConfUSion, it
mode assigned tw/,HC. might be helpful to reserve the lab®l for hydrogen-related
defects and use the lab&2 for the family involving
group-V impurities.

Finally, we may comment on theL52 center® which

As mentioned in Sec. | several studies of 8fegroup of has been observed in proton-implanted float-zone silicon.
signals have appeared. In the early wbtié! these signals The principal values of thg tensor ofNL52 are similar to
were assigned to a single defect with trigonal symmetrythose ofS1,. Moreover, if the weak hyperfine lines ascribed
Gorelkinskii and Nevinny? later found that in proton- to H, in Ref. 38 are instead interpreted &Si hyperfine
implanted float-zone material tH&l group consists of two satellites, the principal values of th®Ag tensor become
signals which merge to a single signal of trigonal symmetryA,= —436 MHz andAy=Ay= —256 MHz, in good agree-
at high proton doses. No spin Hamiltonian parameters wereent with the parameters found f&1, and S1,. These
given for the two signals in Ref. 12, but it is reasonable toobservations suggest that the assignmentNab62 to H,

E. Comparison with earlier work

assume that these signals are identicablg and S1,,. should be reconsidered.
Dvurechenskii and Karanoviéhfound that theS1 defect
has monoclinid-symmetry, and reportegland *Ag; tensors V. SUMMARY
that are consistent with those 8fL,, but they did not ob-
serve a second component correspondin§lp. However, Two EPR signals labele®l, and S1, have been ob-

they observed a new signal, labeldd0, in phosphorus-rich served in proton-implanted, float-zone silicon. Both signals
material irradiated with neutrons. The spin-Hamiltonian pa-belong to theS1 group and originate from monoclinicde-
rameters oH10 are very similar, not only to those of tB2 fects with g tensors that show only a slight deviation from
cente?’ observed in nitrogen- and phosphorus-implantedrigonal symmetry. The involvement of a single hydrogen
material, but also to the parameters3if,. These surprising atom in theS1, defect is proven directly, whereas the evi-
similarities may be accounted for in the following way: From dence of the presence of hydrogen in Big, defect is cir-

our identification of theS1, and S1, defects, it may be in- cumstantial. They tensors and the larg@Si hyperfine split-
ferred that the EPR signals from a planar multivacancy withting associated with a single silicon site correspond to an
an adjacent substitutional group-V impurity in the mirror unpaired electron that occupies a dangling bond in a planar
plane is virtually indistinguishable from the signal arising vacancy-type defect binding a hydrogen atom in the plane.
from the corresponding defect in which a Si-H unit replaces=rom the analysis of the hydrogen hyperfine interaction, the
the group-V impurity. Like the Si-H unit inv,H, the  Sl, defect is identified withV,H®. The S1, defect is iden-
group-V impurity will be located too far from the dangling tified with V5H®, althoughV,H° cannot be ruled out.

bond to produce a resolvable hyperfine splitting. Nor can the In contrast to thevH° signal described earlie61, and
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S1, do not display motional effects that may be associatedjroup at one end of the defect and the dangling bond at the
solely with rearrangements of Si-Si bonds. Howev&t,  other. Hence the length of the vacancy chain could be in-
broadens and disappears above 310 K whe8gsis little  ferred only in case o¥,H° from a tiny dipole-dipole hyper-
affected. It is suggested th&il, broadens because the hy- fine interaction with the proton. The number of vacancies
drogen atom jumps among the silicon neighbors to the vaseparating the Si-H group from the dangling boaisdre-
cancy. InV,HC this may lead to a reorientation of the defect, flected, however, in the observed Si-H stretch frequency

whereas no reorientation occurs WyHC® since the mirror  which increases with increasing chain length.
plane is locked by the three “immobile” vacancies.

From parallel annealing studies with EPR and FTIR, it is
concluded thatVH® possesses a Si-H stretch mode at
2038.5 cm?. In addition, the stretch modes at 2068.1 and
2073.2 cm* are assigned tv,H® andV3HC, respectively. This work was supported by the Danish National Re-

The EPR spectra of ,H® are similar to that of/H°, and  search Foundation through the Aarhus Center for Atomic
thus reveal no direct electronic interaction between the Si-HPhysics(ACAP).
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