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Magnetic perturbations of excitons bound to an isoelectronic hydrogen-related defect in silicon
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It is shown that recent data on the optical properties of the 87& {1.1377 eV) hydrogen-related defect in
silicon can be fitted using a physically simple model in which the excited states are constructed from the
band extrema of silicon. The model describes the energy levels of the center, the relative intensities of
the transitions, and the effects of magnetic fields up to 12 T. The center lies in the limit of weak binding
of the known 'singlet/triplet" isoelectronic systems in silicon.

Hydrogen is well known as a passivator of unsatisfied
chemical bonds in imperfect crystals. ' The rate of
diffusion of hydrogen through a crystal and its total con-
centration in the crystal are affected by the presence of
traps for the hydrogen. Possible traps include impurities,
dislocations, and radiation damage centres. Recently,
several photoluminescence centers produced by radiation
damage of silicon have been shown to involve hydrogen,
and so are of considerable interest not only in their own
right but also as traps and storage points for the hydro-
gen.

Kaminiskii et a/. have presented a study of one of
these photoluminescent traps, the 87, center. Lumines-
cence from the center consists (at low temperature) of the
X7, zero-phonon line at 1137.68 meV (9176.3 cm ') and
the X68 line 0.32 meV (2.6 cm ') to higher energy (Fig.
1), plus the X6o line 1.14 meV above X7, and the X57 line
1.44 me V above X 7&. A further state, from which
luminescence is forbidden in the unperturbed center, lies
an estimated 0.035 meV below the X7& state. As a first
stage in identifying the structure of the complex, Kamin-
iskii et al. have presented a very detailed study of the
effects of magnetic fields of up to 12 T on the two lowest-
energy optical transitions, and have established that the
symmetry of the complex is C3, . It is shown here that a
very simple model can be used to fit their data for the
zero-field energy-level structure, t4e relative optical tran-
sition probabilities, and the effects of magnetic fields on
the energies and intensities of the lowest-energy lines.
The 87, center is shown to fit into the sequence of
"singlet/triplet" isoelectronic systems in silicon, but with
the weakest observed exciton binding observed to date.

Kaminskii et al. used arguments which were heavily
based on symmetry considerations to describe the energy
levels of the lowest states at zero field and with an applied
magnetic field. Using the separations (0.035 and 0.32
meV) of the lowest-energy excited states, they obtained
two parameters (which represent the internal axial field at
the center and the electron-hole exchange coupling). The
changes in energy of the lowest lines produced by mag-
netic fields were fitted accurately when the hole g factors
for the field parallel and perpendicular to the trigonal
axis were taken as further adjustable parameters.

An alternative analysis, and one with a considerably

simpler physical basis, is to represent the excited states of
the center by a hole derived from the valence-band maxi-
ma at k=O, plus an electron in the 3, valley-orbit state.
By considering these states explicitly, we can use their
known properties to minimize the number of adjustable
parameters used to describe the bound exciton. The local
trigonal field of the center may have symmetry-lowering
elements, which split the hole states, and symmetry-
conserving elements, which simply shift the origin of the
energy scale. Since the excited state of the X7, line indi-
cates an exciton binding energy (relative to the free exci-
ton) of only 17 meV, we will first ignore the splitoÃ j= —,

'

valence-band states and use only the j=
—,
' states. We will

denote their splitting by the local axial Geld by +p. Addi-
tionally, the energy levels are determined by the
electron-hole coupling through the exchange interaction
h. The combined effect of p and 6 is to produce five en-
ergy levels from the j=—,'states at energies (measured
from the origin determined by the symmetry-conserving
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FIG. 1. (a) Spectra measured at 2 K for magnetic fields of
zero, 0.25, and 0.5 T parallel to (001) (Ref. 3). At zero field the
lower-energy transition is the X» line and the higher energy is
the X68 line. (b) Calculated unpolarized spectra for the same
fields, assuming thermalization between all states at 2 K. For il-
lustrative purposes, Lorentzian line shapes have been used in (b)
with the same widths as those observed in (a).
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et al. drew particular attention to the effect of a (001)
field in inducing optical transitions from the state 0.035
meV below X7&. The corresponding results from the cal-
culation are shown in Fig. 1. The evolution of the spec-
tra with increasing magnetic field is described satisfacto-
rily with no further adjustable parameters.

These calculations show that the zero-field energies
and intensities, and the effects of magnetic fields on the
intensities and transition probabilities are closely repro-
duced by this model. The electron and hole interact
through an exchange energy of 6=0.4 meV. For com-
parison, the lithium-related triplet-singlet system with its
zero-phonon line at 1045 meV has b, =1.1 meV, and the
S-Cu system has 6= 11 meV with zero-phonon lines near
968 meV (Ref. 7) (illustrating the tendency for b, to in-
crease with deeper, i.e., more localized, excited states).

At the B7& center, the hole is weakly trapped in the tri-
gonal field of the defect, but the axial part of the field ac-
counts for only 0.6 meV of the total exciton binding of 17
meV (relative to the energy of the free exciton). The neg-
ative sign of the axial field [Eq. (2)] indicates a compres-
sive local equivalent stress. When we consider those
centers with compressive local fields, we note that with
increasingly large negative stress, the lowest-energy hole
state tends increasingly towards a pure Pz orbital state,
as the j=

—,
' and —,

' valence-band maxima are mixed. The
pure Pz state has zero orbital angular momentum. In the
limit of large compressions, the lowest exciton state is a
pure spin triplet, formed from the combination of the
spins of the electron and hole, and electric-dipole transi-
tions from it are forbidden. Figure 3 gathers data for the
known "singlet/triplet" systems in silicon, and shows the

ratio of the "triplet" to "singlet" transition probabilities
as a function of the measured exciton binding energy
(defined as the difFerence in energy between the free exci-
ton, 1155.2 meV, and the singlet state). The line shows
the calculated intensity ratio of the triplet and singlet
lines for each center, assuming that all the binding energy
is produced by the perturbatE on b'y the local axial field on
the hole. We have seen that this is a poor approximation
for the X7& line, and, in general, some of the binding is
expected to be produced by a nonaxial potential
(equivalent to a local hydrostatic stress) and also from the
binding of the electron. Nevertheless, the datum points
lie on a surprisingly uniform trend. For some of the
centers (e.g. , the lithium-related line at 1045 meV), the lo-
cal axial field is produced by the deformation resulting
from a self-trapping of the exciton, for others (e.g. , the
S-Cu lines near 968 meV) only about half of the binding
comes from the lattice relaxations and the remainder is
an intrinsic axial field from the center. It remains to be
seen how much of the binding of the X7, state is pro-
duced by a lattice relaxation; the vibronic sideband of the
X7 &

line has not yet been measured, due to the weak
luminescence in currently available samples. However, it
should be noted that although the X7, line has the small-
est binding energy of all the lines represented on Fig. 3, it
already recognizably falls into the singlet/triplet class of
bound excitons.
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