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Identification of the Silicon Vacancy Containing a Single Hydrogen Atom by EPR
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The electron paramagnetic resonance spectrum of float-zone silicon recorded after implantation with
protons contains a strongly temperature dependent signal from a vacancy-type defect. The signal
displays monoclinic-l symmetry below 65 K and trigonal symmetry above 100 K. This symmetry
change, together with a hyperfine splitting from a single proton, allows an unequivocal identification
with VHO, the neutral charge state of a vacancy containing a single hydrogen atom. The striking
similarity between the properties ofH° and VP° (the E center) corroborate our identification.
[S0031-9007(97)03778-2]

PACS numbers: 61.72.Tt, 71.55.Ak, 76.30.Mi

The electrical and optical properties of hydrogen inionization potential of hydrogen (13.6 eV) greatly exceeds
crystalline silicon have been intensively studied during thehe minimum energy required to lift an electron from the
past decade [1]. Detailed information on the structure oWalence band to the lowest vacuum state. The energy of
hydrogen-related defects is an essential prerequisite fahe corresponding antibonding combination is expected to
understanding such properties. Thus, the technologicdie well above the edge of the conduction band, owing
applications of hydrogen as a modifier of the electricalto the strong overlap of the two orbitals. Therefore,
properties of the material benefit from a continued searclny electronic level ofVH? that lies within the band
for the structures of hydrogen-related defects. Moreovemap must correspond to a combination of the remaining
the ultimate electronic simplicity of hydrogen makes suchthree silicon orbitals. Two of these may combine to
structures an excellent testing ground &lr initio calcu-  form a long Si-Si bond perpendicular to{&00} mirror
lations. In spite of this, few defect structures involving plane, while that lying in the mirror plane is occupied
hydrogen have been rigorously established [2—5]. In théy a single electron and is commonly referred to as a
present work, we identify a fundamental hydrogen-relatedlangling bond. ThusVH® should have monoclinic-I
defect, the existence of which has been suspected for mosymmetry (point groupCy,) with the Si-H bond bent a
than a decade. few degrees away from @ 11) axis in the mirror plane.

In molecular compounds, hydrogen and silicon formThese expectations are supported by the resulib dfitio
strong, covalent Si-H bonds with a dissociation energy otalculations [7,8].
about 3.3 eV [6]. Hence, any defect that allows forma- The structure outlined foVH® corresponds closely to
tion of such bonds will constitute a deep trap for hydro-that of the E center (VP?), in which a substitutional
gen. The monovacancy is such a structure. Each of itphosphorous atom is located next to a monovacancy [9].
four silicon neighbors are tricoordinated, which leaves onédence, we may expect the electron spin distribution of
of their four valence orbitals free to form a bonding com-VH? to resemble that deduced from the electron paramag-
bination with a hydrogenrs orbital. Direct evidence for netic resonance (EPR) signalaP®. VH® might also have
this was recently obtained by analysis of the infrared abether properties in common witikP®, such as the dra-
sorption spectrum of proton-implanted silicon, in which thematic temperature dependence of the EPR signal: Above
Si-H stretch modes belonging to the monovacancy bind90 K, VP? exhibits an effective trigonal symmetry due to
ing two, three, and four hydrogen atoms were identifiedhermally activated jumps of the dangling bond among the
[4]. Thus, vacancy-hydrogen defects are known to existthree silicon atoms neighboring the vacancy.
but their electronic properties remain to be established ex- This Letter reports the identification afH° by EPR
perimentally. Moreover, the simplest defect of this type,in proton-implanted silicon. The observed properties, in-
the monovacancy containing a single hydrogen aki  cluding a thermally activated transition from monoclinic-I
has yet to be identified. symmetry to an effective trigonal symmetry, all testify to

The electronic properties expected #aH° (the neutral the expected similarity witivP°.
charge state of/H) may be outlined as follows: The  Samples measuring4 X 3 X 1 mm?, with the large
one-electron energy of the bonding combination of theaces normal to th€l11] axis, were cut from uncompen-
hydrogenls orbital and the silicon orbital will be located sated:-type float-zone silicon. The quoted resistivity was
well below the top of the valence band, because th&00 ) cm corresponding to a phosphorus concentration of
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~9 X 10'2 cm™3. The concentration of other impurities, betweerthe principal directions strongly reflects the rela-
mainly carbon and oxygen, were beldvx 10'® cm™3.  tive signs of the principal values of the hyperfine tensor.
The samples were polished on both large faces and thérhese signs could therefore be determined unambiguously
etched lightly to remove surface defects that might givefrom computer simulations of certain EPR spectra with dif-
rise to EPR signals. The samples were implanted at loferent choices of the signs.
temperaturd7 < 150 K) with protons (or deuterons) on  Owing to the absence of resolved hyperfine splittings
both large faces at 56 (or 38) different energies in the rangfom the implanted deuterons, the EPR spectra obtained
from 5.3 to 10.5 MeV (or 5.0 to 10.6 MeV) [10]. During from the deuteron-implanted sample Si:D are somewhat
implantation with protons, the sample was covered withsimpler to analyze than those from Si:H. Therefore, we
0.2 mm aluminum. The dose implanted at each energfirst discuss the EPR signal from Si:D. Anticipating the
was adjusted to ensure a uniform hydrogen concentratiolentification made below, we label the corresponding
of ~3 X 10'7 cm™? throughout the sample. At this dose defect byVH?, irrespective of the actual hydrogen isotope.
level, the line shape of the resulting EPR signal was unin Fig. 1, we show the EPR spectra of Si:D recorded at
affected by the radiation damage produced by the implantemperatures in the range 45—-225 K witly parallel to
tation. Subsequent to the implantation, the samples weffd11]. The intense, narrow lines observed at 225 K are
allowed to warm up to room temperature. attributed to two components of the S1 signal [5,13] which
EPR measurements were made at 9.2 and 35 GHz imave been observed previously in proton-implanted silicon.
the absorption mode with a Bruker ESP300E spectromeFhese lines are observable throughout the temperature
ter. The static magnetic fiel®, was monitored con- range, but they become partially saturated below 85 K
tinuously during the scans with a Bruker ER-035 NMR at the applied microwave power. At 45 K, the spectrum
gaussmeter. Resolution enhancement by third harmonixhibits three additional line$, B, andC, which we assign
detection [11,12] was employed in most of the measureto VH?. The line A almost coincides with one of the
ments. Thus, the magnetic field was modulated at 33 anlihes of the S1 signal. As the temperature is raised, the
100 kHz simultaneously, and the EPR signal was detectedidths of the linesA andB increase and at 85 K these lines
at 100 kHz. By a judicious choice of the modulation am-disappear, whereas lin@ persists. Above 110 K, a new
plitudes, the effective EPR linewidth could be reducedine AB emerges at a position one-third the distance from
without the appearance of spurious lines. A to B. The lineAB attains maximum height (minimum
EPR spectra were recorded wiBy lying in the (110)  linewidth) at 145 K. At higher temperatures, the lines
plane of the sample at°Sntervals. Because the proton
hyperfine coupling of the defect discussed here is much
smaller than the nuclear Zeeman energy of the proton at the [001] [111] [110]

employed magnetic field, the hyperfine splitting observed 34710 GHaz
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V! FIG. 2. Angular variation in th€110) plane of the positions
e S|1 — of the EPR lines ofVH°. (e) Represents measurements at
1235 1237 1239 1241 1243 45 K and(O) represents measurements at 145 K. Solid lines
Magnetic Field (mT) are calculated for a monoclinic-I center with= 1/2 and the

g tensor given in Table I. Dashed lines represent a trigonal
FIG. 1. EPR spectra recorded at different sample temperaturesgnal corresponding to the algebraic mean of ghensors for
at 34.778 GHz withB, along the[111] axis. The lines denoted one set of configurations (see text\, B, C, D, E, F, G, and
A, B, C, andAB originate fromVH®. AB denote the positions of the lines shown in Figs. 1 and 3.
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both line A and line B. Consequently, a defect switch-
ing among the configurations within one of these sets
contributes alternatingly to ling and lineB. As the tem-
perature is raised, the jump frequencyincreases and the
lines A and B therefore become broadened. When the
temperature becomes so high that exceeds the spec-
tral separation ofA and B in frequency units, a single
line arises due to motional narrowing [14] at a position
that is the weighted average of the original positions of
A and B. This interpretation implies that theH° sig-

nal should exhibit trigonal symmetry above 110 K. The
angular dependence of thEH signal expected from
the jump model in this limit may be calculated from the
tensor measured at 45 K. The result is included in Fig. 2
(dashed curves) along with positions of the EPR lines ob-

served at 145 K. The good agreement justifies the assign-
| | 1 ment of the high-temperature signalté/’. As described
1234 1236 1238 1240 1242 by Watkins and Corbett [9], the activation enerfy of
Magnetic Field (mT) the jump process can be estimated from the temperature

qdependence of the linewidths in the regions correspond-
at 45 K and at 34.777 GHz with, along[110]. The lines ng to broadening and motional narrowing. The result is

denotedD, D-, E, F, G, and G- originate fromVH°. The Ey = 0;06 +0.01 eVv. . S0
additional lines belong to other vacancy-type defects. Dashed The involvement of a single hydrogen atomWi/” is
curves: simulations of th&/H° signal at 45 K based on the demonstrated in Fig. 3 which shows the spectra of Si:D

parameters in Table I. and Si:H recorded wittB, along[110]. The VH? lines
observed in Si:D are labeled b§ throughG. In the
C and AB broaden and become unobservable at roonsignal from Si:H, the linedD and G appear as doublets
temperature. due to hyperfine interaction with a single proton. The
The observation that théH° signal recorded at a low absence of a resolved splitting of the lings and F
temperature withB || [111] consists of three lines sug- reflects that the hyperfine splitting is strongly anisotropic.
gests that the defect has monoclinic-1 symmetry. This isVe note that the hyperfine splitting for the deuteron
confirmed by the angular variation of the signal in th&0)  calculated from that for the proton is smaller than the
plane measured at 45 K, which is shown in Fig. 2. Thdinewidth for all orientations oB,.
12 equivalent configurations of a monoclinic-I defect can In addition to the proton hyperfine splitting, each of the
be subdivided into four sets, each associated with a pamain lines of theVH? signal in both Si:H and Si:D has a
ticular (111) axis, so that the members of a given set arepair of weak satellite lines. The intensity of these satellites
interrelated through20° (C;) rotations about the perti- relative to the main line is-2%, and we ascribe them to
nent(111) axis. The temperature dependence of i’  the hyperfine interaction with a singt&Si nucleus.
signal can be explained as a result of thermally activated The spin-Hamiltonian parameters B#° are presented
jumps among the three configurations of each set. Tha Table |. Theg tensor of VH? is almost trigonal,
set defined by thg¢111] axis contributes solely to line i.e., gx = gy, and the unique axi& deviates by only
C in Fig. 1 and, therefore, this line is unaffected by the3° from the[111] axis, while the?*Si hyperfine tensor
jumps. In contrast, the other three sets all contribute tas trigonal within the limits of error. The values of

FIG. 3. Solid curves: EPR spectra of Si:D and Si:H recorde

TABLE I.  Spin-Hamiltonian parameters fafH° at 45 K and forvP? (Ref. [9]). Principal
axes are denoteH, Y, Z, with Y parallel to thg110] axis andX, Z spanning th€110) plane.
® is the angle betwee@ and the[110] axis. Hyperfine parameters are given in MHz.
Limits of error: g, £0.0001; A(®¥Si), =1 MHz; A('H), =0.3 MHz.

Defect Term X Y Z ®
VHO g 2.0090 2.0114 2.0006 324
VHO A('H) -3.3 —4.6 8.5 g
VHO A®Si) -275 —275 —435 35.3
VPO g 2.0096 2.0112 2.0005 32
VPO AP®Si) —295 —295 —450 35.3
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the spin-Hamiltonian parameters closely resemble thossimilarity of the spin Hamiltonians oVH° and VP° (E

for VP, also given in the table, and are typical for center) indicates that the Si-H fragment in this context

centers which have the electron spin largely confined tanay be regarded as a “pseudo-group-V impurity.”

a dangling-bond orbital in a vacancy-type defect [15]. This work was supported by the Danish National
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a trigonal signal has the same activation energy as thAdvanced Physics (ACAP).
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