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Gallium-related 0.875-eV photoluminescence defect spectrum in irradiated silicon
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The 0.875-eV (Gal) photoluminescence defect spectrum in gallium-doped irradiated silicon is
studied in high resolution and in uniaxial stress and homogeneous magnetic fields. The spectrum
exhibits one- and two-phonon Stokes satellites of the no-phonon Gal line due to the coupling of
quasilocalized vibrational modes of quantum energy Ace=56. 3 meV. Temperature-controlled mea-
surements reveal two electronic excited states at energies of 5.1 and 6.0 meV in excess of the upper
Gal level. These three states are strongly mixed by uniaxial stress resulting in a nonlinear stress
response. The symmetry of the defect is determined to be rhombic I (C2„)from the linear portion
of the stress response. Complicated Zeeman spectra of Ga1 are fully identified as spin-

2
—to—spin- 2 transitions at a center of C&„point-group symmetry. An isotope effect observed in

' C-enriched silicon gives evidence that the optical defect incorporates carbon in addition to gallium.
A defect model is discussed on the basis of the experimental results.

I. INTRODUCTION

In 1974, Noonan et a/. ' reported three photolumines-
cence (PL) lines at energies of 0.875 eV (Gal), 1.049 eV
(Ga2), and 0.926 eV (Ga3). They appeared exclusively in
Ga-doped silicon in distinct annealing stages after electron
irradiation at doses around 10' cm and' at a tempera-
ture of —10'C. That previous work' mainly aimed at an
investigation of the Ga and Al doping effects on other PL
lines which likewise originate in irradiation induced de-
fects [viz. , the G line at 0.97 eV (Refs. 2—4) and the C
line at 0.79 eV (Refs. 5—7)]; therefore, only survey spectra
at a small resolution (5E & 2 meV) were recorded, and par-
ticular emphasis was laid on a comparison of the anneal-
ing behavior of the various PL lines. The line of interest
here, Gal, grew in above 100'C, peaked at 200'C, and
was entirely quenched at 250'C. (The annealing data of
Noonan et al. ' are redrawn in Fig. 1.) It was found that
Ga doping degraded the intensity of the G line which is
known to be emitted by an optical center incorporating
two substitutional carbon atoms and a silicon intersti-
tial. '4

Recent work on the Ga-related spectra concerns Ga2
and Gal. Elliott reported that the Ga2 spectrum shows
singlet and triplet no-phonon lines with an anisotropic
Zeeman splitting of the triplet which he could not explain
in detail. The Gal spectrum was studied by Thonke
et ai. , who found that carbon is incorporated as well in
the optical defect, and determined the symmetry of the
defect to be rhombic I (C2, ) without communicating the

' piezo-optic constants. The same symmetry classification'
was arrived at by Clifton et ai. ' in their stress study of
the Gal spectrum.

The present paper is a comprehensive report on our
study of the Gal spectrum. Among the new results ob-
tained is the observation of two electronic excited states
explaining the nonlinear dependence of the Gal line on
stress. A full explanation of the complicated Zeeman
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FIG. 1. Isothermal and isochronal anneal data on the Gal
(0.875 eV) line (open circles). Solid circles refer to the Ga3
(0.929 eV) line. Open squares are data from Noonan et al. (Ref.
1).

spectra is also given in terms of a spin- —,
' —to—spin- —,

'

transition with g values indicating that the rhombic defect
strongly binds a hole whose orbital momentum is
quenched and which captures an electron bound in an iso-
tropic shallow state. The Gal center is the first example
of a rhombic luminescent defect in silicon and clearly ex-
hibits details of rhombic anisotropy in the stress and Zee-
man spectra. This motivates us to derive the correspond-
ing interaction matrices in two appendixes for the discus-
sion of our data.

Standard experimental equipment was used. The pho-
toluminescence was excited by a Kr-ion laser (647 nm,(500 mW) and dispersed by a monochromator of 1 m fo-
cal length (Spex Industries 1702) equipped with a grating
of 600 grooves/mm. The signals were detected by a
cooled Ge detector (North Coast) with metal shielding
and electronic spike suppression, and were processed by
conventional lock-in technique. In most of the experi-
ments the samples were immersed in liquid helium; how-
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ever, an evaporation cryostat with gaseous helium as the
coolant was also employed. In this operation mode high
optical powers (up to 100 mW) could be used at defined
temperatures enabling the detection of the very weak ex-
cited states. The magnetic fields (B & 5.3 T) in the Zee-
man measurements were generated by a cryomagnet in a
split-coil configuration allowing light detection with the
wave vector k perpendicular (Voigt configuration) and
par'allel (Faraday configuration) to the magnetic field B.

This paper is organized in six sections, presenting basic
spectra, annealing data, and temperature-controlled pho-
toluminescence (Sec. II), isotope effects (Sec. III), uniaxial
stress measurements (Sec. IV), Zeeman data (Sec. V), and
a discussion of the results (Sec. VI).

II. APPEARANCE ANI3 FORM
OF THE Gal SPECTRUM

In our experiments the Gal spectrum'was generated by
electron irradiation (1.5 MeV, 10' e/cm at low tempera-
tures, T= 100 K) of floating-zone or pulled Ga-doped sil-
icon. The Ga concentrations ranged from & 8)& 10' to
2)& 10' cm . An exception is the ' C-enriched sample,
where Ga was implanted. The spectrum is found to
grow in only after a few days of room-temperature storage
(Fig. 1). Upon subsequent isochronal annealing for 1 h,
the intensity is virtually constant up to an annealing tem-
perature of 150'C, where it begins to decrease and eventu-
ally disappear at 250'C. Noonan et a/. ' found a similar
quenching temperature although their annealing curve at
lower temperatures is rather different. Substantially lower
quenching temperatures of the Gal line were obtained by
Clifton et al. ' in silicon samples doped to 5&10' cm
with Ga and irradiated at room temperature with 5&(10'
e/cm . However, their general anneal curve is quite
similar to our curve. In accordance with Fig. 1 and re-
cently published work, they also find that when Gal is
destroyed the Ga3 spectrum comes up, possibly indicating
that the Ga3 defect forms upon a modification of the Gal
center. Furthermore, we have found that the Gal spec-
trum is degraded by higher oxygen concentrations.

The Gal spectrum (Fig. 2) is dominated by the narrow
874
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(5E=0.08 meV) no-phonon (NP) transition (Gal) at
0.8754 eV. As is familiar from several other deep optical
defects, the NP line is accompanied by broad vibronic
bands (labels TA or 2TA) due to coupling to transverse-
acoustic lattice phonons near the X point of the Brillouin
zone. The broader underlying background extending to
wavelengths as long as 1.7 pm stems from multiple cou-
pling of the electronic (Gal) transition to low-energy
continuum modes. Characteristic in the low-energy por-
tion of the spectrum are the sharp resonances labeled
(Gal) ' 56.3 meV below the NP line, and

(Gal�)

56.3+ 55.6 meV below the NP line. These satellites are
electronic-vibronic transitions involving one or two quasi-
localized modes of the defect ground state of quantum en-

ergy fico=56. 3 meV in a slightly anharmonic potential.
The assignment is based on the observation of the two-
phonon transition (Gal), and on the fact that (Gal)'
splits like (Gal) under uniaxial stress (see Sec. IV). The
linewidths at 4.2 K,

(Gal�

): 5E=0.08 meV, (Ga 1 ) '.
5E=1.1 meV, are also consistent with this interpretation.
The total phonon coupling to (Gal) is weak (Huang-Rhys
factor Sto, =1.2) and does not vary in the temperature
range from 2 to 30 K. The electronic-vibronic transition
(Gal)' in turn couples to lattice modes producing the
broad sidebands Ta(Gal)' and 2TA(Gal)'. Further lines
in Fig. 2 stem from optical lattice phonons (the sharp 0
peak) coupled to the (Gal) transition or are independent
features (line C at 0.79 eV emitted by an optical defect in-
corporating carbon and oxygen ' ' ).

When the temperature is raised above 10 K we observe
two extra lines coming up at higher energies than (Gal)
displaced by + 5.1 meV (Gal)~ or + 6.0 meV (Gal)2
(Fig. 3). The first line has a substantially larger linewidth
(0.18 meV) without detectable substructure than the latter
line (0.1 meV). The change of their relative intensities in
Fig. 3 from T= 10 to 19 K is consistent with a
Boltzmann-population factor of their initial states with
thermal activation energies identical to their spectroscopic
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FIG. 2. Gal photoluminescence spectrum. Upper indices
denote number of local modes coupled to the electronic transi-
tion (Gal); other symbols are explained in the text.

FIG. 3. Gal spectrum in the no-phonon region at elevated
temperatures showing lines (Gal)& and (Gal)q originating from
excited defect states. Subscripts denote numbering of electronic
states.
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spacing. Temperature-controlled experiments from 10 to
30 K (Fig. 4) make sure that (Gal)~ and (Gal)2 are transi-
tions from excited defect states to the same ground state.
In the measurements shown in Fig. 4 the two lines were
not resolved and appear as one line which is labeled
(Gal)*. The intensity ratio of (Gal)* to (Gal) follows an
exponential law versus reciprocal temperature, and a
least-squares fit to the data yields an activation energy of
E,*h ——4.9 meV close to the spectroscopic displacement of
the unresolved doublet line (Gal)* from (Gal) . Figure 4
also shows the temperature dependence of (Gal) . We as-
cribe the drop of the (Gal) intensity above 20 K ex-
clusively to therma1 dissociation of the luminescent defect
state disregarding temperature effects due to vibronic cou-
pling which was shown to be weak. The data in Fig. 4 are
fitted by an expression
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FIG. 5. (Gal) line shift and half-width as a function of tem-
perature.
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FIG. 4. Temperature dependence of the no-phonon (Gal)
transition and of the unresolved lines (Gal)~ and (Gal)2 jointly
labeled (Gal)*. A least-squares fit to the intensity ratios of
(Ga1) and (Ga1) yields 4.9-meV activation energy consistent
with the spectroscopic spacings [5.1 and 6.0 meV of (Gal)~ or
(Gal)z, respectively, from (Gal) ]. The inset shows the level

scheme as deduced from the thermal data.

describing the activation of charge carriers localized in
the luminescent (Gal) state into a band (activation energy
E2, factor T ~ due to band density of states) via an inter-
mediate bound state (activation energy E, ). The parame-
ter set obtained from a least-squares fit to the data is

E& ——E,*h ——4.9 meV (given), C& ——0.2,
E2 ——12.3 meV Cp ——11.8 K

The thermal dissociation energy 12.3 meV of the lumines-
cent Ga1 state is much lower than the spectroscopic dis-
placement of the Gal line from the band edge which re-
flects the total electron-hole binding energy and amounts
to E,~„,——1.1695—0.8754 eV =294.1 meV. Figure 4
shows the level scheme as derived from the thermal data.
We conclude that the optical defect represents a strong

binding potential for a particle which is primarily bound
and that a second particle is then weakly localized with an
energy corresponding to the thermal dissociation energy
of =12 meV. This model is confirmed by the Zeeman
data which suggest a tightly bound hole. The defect can
therefore be viewed as a pseudodonor. The low-lying ex-
cited states, (Gal)& and (Gal)2, could then be valley-
orbit states of the electron. Unfortunately, photo-
luminescence-excitation (PLE) spectroscopy able to con-
firm the pseudodonor model by the detection of effective-
mass-like excited electron states and successfully applied
to other defect spectra in silicon"' could not be em-

ployed in the present system, owing to the disadvanta-
geous wavelength range of the Ga1 spectrum.

To complete the temperature-dependent data we have
measured the half-width and the shift of the (Gal) line as
a function of temperature (Fig. 5). The half-width is
M, =1.3 A up to 15 K and then increases as T. The
wavelength of (Gal) shifts following a T law for
10 & T &40 K different from the band-edge shift which is
depicted in Fig. 5 for comparison using literature data. '

, The significant discrepancy between the shift of the band
edge and the (Gal) line is consistent with the Gal center
being a deep defect.

III. ISOTOPE EFFECTS

Usually, the Gal spectrum was generated by electron
irradiation and appropriate annealing of silicon doped
with gallium in the bulk. In a few cases high-purity
floating-zone silicon was implanted with Ga or 'Ga iso-
topes. In the implanted samples, identical spectra were
observed; in particular, there was no detectable shift of the
(Gal)' local-mode satellite within 0.1% of the vibration
quantum energy. On a harmonic oscillator model, a galli-
um isotope effect would be expected to be of order of
1 —v'69/71 = 1.4%. Therefore, we conclude that Ga does
not play a role in the 56.3-meV vibration mode. More-
over, we have not observed a Ga isotope shift in the NP
transition. The vibration energy of 56.3 meV is rather
close to the 58.1 meV of the momentum conserving TO
phonon (as derived from shallow bound exciton spectra)
or to the peak in the TO-phonon density of states of the
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lattice. Therefore, the present mode may be a slightly
modified TO lattice-phonon coupling to the electronic
transition in which no isotope effects are expected. In this
context we recall that the 0 phonon gives rise to a dis-
tinct satellite of the (Ga 1) line (Fig. 2). To our
knowledge, no literature data exist on infrared absorption
of irradiated Ga-doped silicon which could be compared
to the present 56.3-meV vibration mode.

A positive isotope effect was found after the Ga im-
plantation of a crystal which was ' C enriched in the bulk
to a relative concentration of [' C]:[' C]=1.3:1 (Fig. 6).
The concentration ratio known from the starting material
was confirmed by observing the intensities of the local
modes (E and E') of the damage-induced 6 line (0.97 eV)
(Refs. 2—4); their carbon isotope effect is essentially due
to the vibration of one carbon atom per optical center.
The (Gal) line shows a large carbon isotope splitting of
0.12 meV with an intensity ratio of the two components
of 65:35. The isotope splitting demonstrates that the opti-
cal defect incorporates carbon. however, with the relative
isotope concentrations given, the ratio is inconsistent with
any number of carbon atoms per optical center. Assum-
ing equal optical activity for ' C and ' C, the intensity of
the various possible isotopic combinations in a defect in-
corporating n carbon atoms can be described by a polyno-
mial (a+&)", with a and b being the relative isotope con-
centrations. Therefore, one always expects more intense
isotopic components on the side of the ' C unit in Fig. 6,
irrespective of the exact spectral positions of the mixed
isotopic combinations between the "pure" combinations
made up from ' C or ' C alone.

This leads to our conclusion that the experimental in-
tensities in Fig. 6 are not relevant, and that the ' C-
enriched sample may have been contaminated with ' C
during the Ga imp1antation process. This can occur with
a diffusion pump at a poor vacuum; however, our vacuum
was better than 10 Torr or =10 Pa. (Other implan-
tation data were energy of ion beam 350 keV, dose =10'
cm, and temperature T(50'C.) As the penetration
depth of the exciting laser light is only a few micrometers,
the luminescence signals are sensitive to the conditions of
a thin surface layer and additional ' C if contamination

Re). Energy (0.) mev/Div)
I I I I I

Gal (0.875 eV) NP Line

on the silicon surface could influence the signals. After
repeated anneals at 100—150'C, the relative intensities of
the two peaks in the upper spectrum of Fig. 6 changed to-
wards an —1:1 intensity ratio supporting our suspicion
that the original relative intensities are due to an artifact.

A deconvolution of the double-peak spectrum in the
' C-enriched sample (upper trace, Fig. 6) suggests that the
spectrum is made up of only two components with the
lower energy peak at the exact position of the ' C peak in
the nonenriched sample (lower trace in Fig. 6). The latter
result was obtained at low laser excitation with the sample
immersed in pumped helium after numerous measure-
ments had shown that at higher excitation powers the ' C
peaks in the two spectra are slightly shifted against each
other due to the temperature dependence of the Gal line
position [cf. also Fig. 5(a)]. This result corrects our recent
conclusion (based on a slight shift between the two ' C
peaks) that at least two carbon atoms are involved. 9 We
note that ' C has no influence on the local-mode satellites.

IV. UNIAXIAL-STRESS MEASUREMENTS

Uniaxial stress up to 500 MPa was applied along
(001), (111), and (110) axes of crystals cut as paral-
lelepipeds (typical sizes 2&&2X8 mm ) and with the long
axis parallel to the stress. The experiments were per-
formed in a temperature-controlled Dewar so that also the
splitting of the excited state lines (Gal)& and (Gal)2 could
be observed.

In Fig. 7, we compare the splitting patterns of the
(Ga 1 ) line and the (Ga 1)' local-mode satellite at
medium-stress values. For each stress direction, the same
number of stress-induced components and almost equa1
relative intensities are observed in either transition. Apart
from other arguments presented above we consider this
direct proof of (Gal)' being a quasilocalized-mode satel-
lite of (Gal) .

The stress response of (Gal) is shown in detail in Fig.
8. The line splits into two, two, and three components
when the stress is directed along (001), (111),or (110),
respectively. The stress response is nonlinear in all cases
due to mixing with (Gal)

&
and (Ga)2 states.

Spectra showing the splitting of al1 three no-phonon
lines at selected stress values are shown in Fig. 9. We
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FIG. 6. Carbon isotope effect in the (Gal) no-phonon line.
Lower trace: spectrum in sample containing carbon in natural
abundances. Upper trace: spectrum in ' C-enriched sample to
concentrations ['~C]:["C]= 1:1.3.

FIG. 7. Comparison of uniaxial stress splitting of (Gal) no-
phonon line and (Gal)' local-mode satellite at selected stress
values.
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were not able to resolve and to distinguish components
developing from the closely spaced (Gal)& or (Gal)z hnes
for each stress direction. This situation is expressed by
using once more the common label (Gal)* in Fig. 9. We
find three components for X~ ~[100], two components for
X

~ ~
[111], and up to three resolved components for

Xi i[110].
The splitting of (Gal)* is also nonlinear and the mixing

of the three electronic upper states is evident from the
asymptotic stress behavior: For X~ ~[110], e.g., the high-
energy component of (Gal) interacts with the low-energy
component of (Gal)* and both lines exchange their linear
splitting rate exhibited at low- or high-stress values far
away from the interaction regime. In addition, there is an
intensity increase of the weak (Gal)' branch by a factor
of 30 when it approaches the (Gal) branch also reflecting
the admixture of the strong (Gal) component. At
higher-stress values, the (Gal)* branch loses intensity rap-
idly possibly due to thermalization into lower-energy
states.

We have not made attempts to fit the (Gal) stress
response quantitatively in a perturbation approach taking
into account the mixing with (Gal)~ and (Gal)2 states:
nine splitting and nine interaction parameters would be
necessary in the secular matrix unfavorable for an unam-
biguous fit. However, we determine the symmetry of the
defect from the linear splitting in the low-stress regime.
%'hen low stress is directed along any of the three crystal
axes (as in Fig. 8) and the temperature is varied from 4.2
to =10 K we do not observe thermalization between the
stress-induced components. Therefore we conclude that
all splittings are due to the lifting of orientational degen-
eracy and that electronic degeneracies do not play a role.
Under this assumption, the observed numbers of com-
ponents for the individual stress orientations are charac-
teristic of rhombic I (Cz„) symmetry; using standard

FIG. 9. Selected spectra of the no-phonon transitions [(Gal)0,
(Ga1) ~, and (Gal)~l under uniaxial stress (the latter lines are here
jointly labeled Ga 1*).

theoretical results, ' we find the set of piezo-optical con-
stants (in units of meV/GPa) fitting the linear-stress
response:

3 ) ——8.0, A2 ———18.6, and A =+25.4 .

For further discussion we note that the corresponding
eigenvalues of the piezospectroscopic tensor A;J (same
units) are

A, ) ——3] ——8.0, A2 ——22+33 —6 8,

2 —A3 ———44 .

Clifton et al. ' in their stress study on the Gal line also
derived Cz„symmetry of the defect and obtained a similar
parameter set:

3 I
——8.3, Ap ———14.5, and A3 ——+20.4 .

In rhombic I symmetry, the (Gal) line corresponds to a
m oscillator along the z axis of the defect (such an oscilla-
tor is labeled "o. oscillator" in the table of Ref. 14).

There is a denoted polarization change of the stress-
induced components when the stress is increased (Fig. 8).
Referring to a specific case like X~~[100], the change
represents a difficulty in understanding the data: Com-
ponent (a) is emitted by a center which is compressed by
the stress along its C2 rotation axis, and this particular
perturbation is described by the stress component o. . In
C2„,cr can mix exclusively states belonging to the same
representation (e.g., I ~ is mixed by cr only with I &', see
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Appendix A), and hence polarization changes are impossi-
ble. A solution of this problem comes from Zeeman ex-
periments (see Sec. V), where it is shown that the upper
and lower states of the (Gal) line transform as I 5 with
the inclusion of the spin. The polarization of transitions
between such states of noninteger mornenta is not unique-
ly determined as the products of representations I 5I 5

appearing in the perturbation matrix elements contain all
irreducible representations I I+12+I 3+I 4 (see Appen-
dix A). If one of the excited upper defect states preferen-
tially emits o-polarized radiation we can explain the stress
data: Two states transforming as I s are mixed by the 0.

stress component, thus giving rise to nonlinear splittings
and a related change of polarization. In all other respects,
the I 5 states behave like states I ~,l z,l 3,I & (Appendix A)
and, therefore, lead to the same linear stress splitting.

The temperature dependence of the stress-induced com-
ponents was studied at various stress values and for stress
along the crystal axes (001) and (111). An example for
X~ ~(111) is shown in Fig. 10, where we plot the intensi-
ties of the two components c and d and their intensity ra-
tio. At a stress value where c and d are spectroscopically
split by AE p t:5.6 meV, the thermal activation ener-

gies of the components are = 12 meV (c) and =8 meV (d),
the energy difference of the upper transition states there-
fore being =4 meV. The intensity ratio of c and d fol-
lows an exponential law from 20 K and higher with an ac-
tivation energy of b,E,h =5 meV consistent with the form-
er value of =4 meV. As transition c has 5.6 meV larger
photon energy than d, the lower states must be inversely
ordered with an energy separation of = 10 meV. The level
scheme is depicted in Fig. 10. The situation described
here has reproducibly been found for stress along (001)
and (111),and independent of the stress value this situa-
tion obeys an approximate relationship AE,h- —6E p
entailing analogous level schemes as in Fig. 10.

Such temperature-dependent intensity ratios of the
stress-induced components must be related with the
reorientation of the defect under stress since two com-
ponents observed at different spectral positions are emit-
ted by centers occupying nonequivalent orientations in the
lattice. The defect reorients at temperatures as low as 20
K, indicating that the reorientatiori is essentially electron-
ic in nature requiring no substantial displacement of de-
fect atoms from their sites. Moreover, the ease of the pro-
cess hints to interstitial defect constituents as being chief-
ly responsible for atomic motions necessary for the
reorientation. Our data also suggest that there is a thresh-
old for the reorientation roughly proportional to the ap-
plied stress: The drop of the intensity ratio of the stress-
induced components starts at a temperature which is low
for low stress and high for high stress. We note that the
reorientation is not due to a Jahn-Teller effect needing an
electronic degeneracy which is absent in C2„symmetry.
However, as has been discussed in the literature, off-
center distortions can occur without the need of an elec-
tronic degeneracy. ' *'

For completeness, we describe the results of a further
stress experiment which remains not understood. When
at constant temperature (=5 K) the stress is varied the in-
duced line components show opposite behavior for the
various stress directions (Fig. 11). The ratio of b/a for
X~~[100] increases, the ratio of d/c for X~~[111] de-
creases, and both ratios are expressible by an exponential
law

exp(ah, E,h /kT)

where
~

a
~

& 0.1. The ratios for X
~ ~

[110]show no simple
functional dependence. These effects in the (Gal)o spec-
trum are unclear and principally difficult to separate from
the mixing-in of the (Gal)*-line components by the stress.
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=4-meV thermal activation energy. Activation energies at
T) 20 K for c and d are 12+2 meV or 8+2 meV, respectively.
The level scheme combines thermal and spectroscopic data.

FIG. 11. Intensity ratios of stress-induced components at =5
K as a function of stress. Ratios for X~~[100] and X~~[111]
tend to "thermalization" or "antithermalization" of the com-
ponents, respectively, both with thermal energies below 10% of
the spectroscopic spacing of the components involved.
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man spectra at 5.3 T. Energies normalized to zero-field position
of line. o./m scales indicate polarization of the components.
Light observation perpendicular to field 8 (Voigt configuration).

V. ZEEMAN MEASUREMENTS

B Ii [110] B =5.3T

(
I/I
C

.Ol

CJ
C

C
E

l I I I

-1 0 +I

Energy Shif t (meVI

PICx. 13. Zeeman spectra for B~ ~[110] in (a) parallel and (b)
perpendicular observation.

Zeeman measurements were performed up to fields of
8=5.3 T in Voigt configuration (observation perpendicu-
lar to B) or Faraday configuration (observation parallel to
B). For 8 along [001], [111],and [110] in perpendicular
observation, the (Gal) line splits linearly with the applied
field strength B and shows anisotropic behavior (Fig. 12).
As the most striking feature, there are for each direction,
intense inner components stronger by a factor of =10
than the outer components. For B~

~
[001],we observe two

m- and two o.-polarized inner components which can only
be distinguished using polarizers in the measurement. All
four outer components are cr polarized. For 8~~[111],
there are two strong inner unpolarized components, and
two low- and two high-energy outer components which
are o or m polarized, respectively. For B~ ~[110], the sin-
gle strong inner component is unpolarized, and one com-
ponent of the two weak line pairs observed on its high-
and low-energy sides is m. polarized. In parallel observa-
tion and B~ ~[110] (Fig. 13), two extra-strong inrier com-
ponents appear, and all three components are totally po-

1 0 I I I I I I I I I

0 30 60 90
(001] [111] t: 110]

Angle 0 of 8 from [001] axis

FICx. 14. Angular dependence of Zeeman spectra when the
magnetic field is rotated from [001] to [110] in the (110) plane.
Vertical bars denote broad components. Solid lines represent fit
for a I 5 to I 5 transition in rhombic I (C2, ) symmetry. For g
values, see text. The origin of some of the Zeeman components
from different defect orientations is indicated (cf. Fig. 15).

larized. For B~ ~[100] in parallel observation, only two
inner components remain, and all components are unpo-
larized including the outer ones.

The angular dependence of the (Cxal) Zeeman spec-
trum in Voigt configuration is shown in Fig. 14, where a
magnetic field of 5.3 T is rotated in the (110) plane from
[001] to [110]. Additional components arise for angles
0'&8&50, but the pattern simplifies for 8=55' (i.e.,
8

~ ~
[111])when several inner components fall together and

only two components remain observable up to an angle of
90'. In contrast, two components at symmetric positions
with respect to the unshifted line at zero field appear for
0=90 in Faraday configuration in Fig. 14 as was already
mentioned above (see Fig. 13). Quantitatively, the split-
ting of the outer components from the zero of energy cor-
respond to a g value of about 2.

The total set of Zeeman data can be understood in a
model where the (Cxal) transition is due to a s = —, to
s = —, transition (i.e., I &~I 5) in rhombic I (C2„)symme-
try. Basically, a transition between two states of spin —,

' is
intuitive, as it explains the strength of the inner com-
ponents (b,S,=0) which need no spin flip, and the weak-
ness of the outer components which are related with a
spin flip (M, =+1) and become weakly allowed by a
(small) spin-orbit coupling. The inner components corre-
spond to a ~ oscillator along the z axis of the defect, con-
sistent with the result of the stress measurements. The
outer components correspond to elliptic o. oscillators: The
spin is quantized along the defect axis and not along the
magnetic field direction.

In the C2, model, the inner components of the centers a
and b (Fig. 15) are unobservable in Faraday configuration
for B~([001]and in Voigt configuration for B~t[110]con-
sistent with the experiments (Figs. 13 and 14) when simple
dipole-emission characteristics of the oscillators are as-
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tJ/0 8
1
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FIG. 15. Illustration of possible orientations a through f of a
rhombic I {Cz„)symmetric defect. [The labels are independent
of the notation (a) through (g) used in Fig. 8 to characterize the
stress-split components of the (Gal)0 line. ] Defect coordinates
x',y', z', laboratory coordinates xi,yl, z~.

sumed. It is striking that the anisotropy of the outer com-
ponents is very similar to the anisotropy of the inner com-
ponents. This suggests that one of the states between
which the transition occurs splits isotropically in the mag-
netic field, whereas the anisotropy is totally due to the
other states. On this assumption the splitting between the
outer and inner components corresponds to g;„=2.The
anisotropic state is described in rhombic I symmetry by
three values g, g~, and g, (Appendix B). The fit in Fig.
14 (solid lines) uses the set of parameters

gx 3 37 gy 0 97 and gz: 1 2

where g„and gy principally cannot be distinguished and
are exchangeable. The effective g value is g,fr

(g„+gz+g,)=1.8. Details of the spectra in Fig. 13
show that the cr oscillator corresponding to the (—,

' —+ ——,)

transition is not circular but elliptic as expected in rhom-
bic I symmetry. In Faraday configuration, k ~8~~[110],
the two components of the weak outer-line pairs, which
are closest to the strong central components disappear.
They stem from the b defect in Fig. 15 and become unob-
servable in this observation mode when intensity y » in-
tensity x of the elliptic oscillator is assumed; the same as-
sumption also explains the m polarization of the outer b
components for 8

~ ~
[110] in Voigt configuration [Fig.

13(a)]. The ratios of g„,g~, and g, are similar to the cor-
responding ratios of the eigenvalues of the piezospectro-
scopic tensor

gx gy.gz ~3 ~2.~1

We cannot decide whether this rough coincidence of the
ratios is accidental or physically significant. If it is physi-
cal, the anisotropic response to stress or magnetic fields
could be related to the geometrical structure of the defect,
and the large differences of g„,g~ and A2, A, 3 could then in-
dicate that the defect has essentially planar structure, i.e.,
the atoms of the defect are all positioned in one plane.

On the basis of the data thus far presented, the Gal line
can be attributed to the radiative recombination of an
electron with a hole at the defect. The pair is not strongly
coupled as the Zeeman data can only be understood in
terms of an S=—,

' to S = —,
' transition. Similarly, the

spectroscopic binding energy (E,~„„=294 1 . meV) is
much larger than the thermal dissociation energy
(E,h ——12 meV) indicating that only one particle is tightly
bound. Consistency with the Zeeman data is obtained
when this particle is assumed to be the hole. The rhombic
potential quenches the orbital momentum of the hole (or
splits the orbital hole states into mi ——0 and mi ——+1 with
m~=0 being the lowest) by an energy large compared to
the Zeeman energy and produces the strongly anisotropic
hole-"spin" state. A small remaining portion of the orbi-
tal momentum may be responsible for the value

g ff —1,8 (2 of this state and may cause the weak outer
Zeeman components to appear, which are related with a
spin flip. The electron is then loosely bound with an ex-
tended wave function and behaves like a quasifree particle
of isotropic spin —,. The opposite model of a tightly
bound electron and a loosely bound hole is discarded: A
tightly bound electron would be expected to have isotropic
g =2, but a hole as weakly localized as revealed by =12
meV thermal activati. on energy should virtually exhibit
the fourfold Zeeman splitting of a I s particle in Td.

The relative strength of the outer Zeeman components
in Figs. 12 and 13 are comparable, indicating that there is
no thermal population of the respective transition initial
states. By contrast, thermalization between the inner
components is obviously accomplished to a higher degree,
the whole situation being best illustrated in the upper
spectrum of Fig. 13. When the excitation power is varied
by a factor of 10, the central components show little effect
whereas the outer components change much more in in-
tensity. Although these effects are entirely unclear, they
could be related with long spin-lattice relaxation times
particularly for the loosely bound electron as is, e.g., well
documented in the case of phosphorus bound electrons in
silicon, ' ' and amount to values ~,1 as large as half an
hour at low temperatures.

VI. DISCUSSION

Up to now several Ga-related centers in silicon have
been reported in the literature. Most intensely studied is
the substitutional Ga acceptor. ' At low temperatures the
neutral Ga acceptor can bind an exciton, and Ga bound
exciton spectra have also been investigated in some detail,
both in emission and absorption. ' Recently it was
shown that all acceptors in silicon except for Tl possess
associated "acceptor X" centers; X was identified as car-
bon, and the centers were identified as acceptor-carbon
pairs occupying nearest-neighbor substitutional lattice
sites. Usually, the GaX center is a grown-in defect like
the other acceptor-X centers, but Rome et al. reported
that the defect can also be created by neutron irradiation
of Ga-doped float-zone silicon. A different center is the
Ga-related defect responsible for the EPR G22 spectrum
which is created by electron irradiation of Ga-doped sil-
icon and was identified as a trigonal Ga pair
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(Ga, + Ga; +) on substitutional and nearest-neighbor
interstitial lattice sites.

The luminescent defects Gal, Ga2, and Ga3 are dif-
ferent from the species above as the structural properties
derived from the PL measurements are not consistent
with any of these defects. In the following, we summarize
those results from the preceding sections which are essen-
tial in a discussion of the microscopic defect model: (1)
The defect has rhombic I (Cq„)symmetry, i.e., it possesses
two reflection planes perpendicular to each other and a
twofold rotation axis in the line of intersection of the
planes. (2) The defect incorporates Ga and C atoms. It is

possible that more than one Ga atom is involved, and al-
most conclusive that a single C atom is involved. (3) The
thermal data show that under stress along (100) and

( 111), the defect reorients when the temperature is raised
above =20 K. This feature suggests that the reorienta-
tion is of electronic nature, i.e., temperature causes a rear-
rangement of electronic bonds related with only small
atomic displacements of (possibly interstitial) defect con-
stituents whereas no essential atomic reorientations occur.
(4) The form of the piezospectroscopic tensor and the g
tensor of the deeply bound hole indicate that the center is
particularly sensitive to fields applied along its x axis
(defect coordinate system) which could most easily be un-

derstood by assuming a virtually "planar" defect configu-
ration.

The simplest model meeting these requirements would
consist of a gallium-carbon pair directed along a (001)
axis and sharing a substitutional lattice site. When this
defect unit is compact, i.e., when the gallium and carbon
atoms are sufficiently close together compared to the four
neighbor silicon atoms it could easily reorient between dif-
ferent (001 ) directions. The defect has a Ci„point-group
symmetry, but when the electron and the hole wave func-
tions are more concentrated on one of the defect atoms
than on the other, as plausible from the different valences
of Ga and C in the model, the partial configuration (Si-
C—Si plus Ga) or (Si—Ga—Si plus C), respectively, in

{110]planes could acquire preferential importance and
determine the behavior of the excited defect state under
uniaxial stress and magnetic fields. This gallium-carbon
pair model has recently also been mentioned by Clifton
et al. in conjunction with their uniaxial stress measure-
ments as a possible model, however, on a much narrower
experimental basis than presented in this work (as an ex-

ample, the incorporation of carbon in the defect was
speculatively anticipated).

In several cases [e.g. , in the above-mentioned G line or
the Iz line (1.080 eV) (Ref. 26)] isotope effects occurring
in the local-mode satellites of the no-phonon transition
were helpful in identifying atomic defect constituents.
The Gal spectrum shows neither a Ga nor a C isotope ef-
fect in the 56.3 meV local-made line. In addition a Si iso-
tope effect [as in a local-mode satellite of the C line (0.79)
spectrum ' ] is not detectable. Therefore, none of these
atoms plays a vital role in the local vibration. On the oth-
er hand, the quantum energy of 56.3 meV is relatively
close to the TO(X) phonon frequency of the lattice and it
seems plausible that the vibration is essentially a TO lat-
tice mode slightly perturbed by the presence of the optical

defect.
In summary, we have studied the Gal photolumines-

cence spectrum as a function of isochronal anneal time in
temperature-controlled emission experiments and in uni-
axial stress and magnetic fields. A carbon isotope effect
observed in the no-phonon transition was discussed as giv-

ing evidence of a single carbon atom being optically active
in the defect. The results are sufficient to rule out many
defect models but they are not strong enough for an
unambiguous deduction of a defect model. A specific
possible model was discussed. Further progress seems to
be mainly confined to the study of the carbon isotope ef-
fect, and such work is in progress.
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APPENDIX A

The most general secular matrix in first-order perturba-
tion is derived, which describes the shift and the interac-
tion of states under uniaxial stress transforming as the
one-dimensional representations I &, I z, I q, and I 4 of the
rhombic I (Cz„)point group. Bases of these representa-
tions in the defect coordinates are

r, : (x')', (y')', (z')',

I &. x'z',

I g. x'y',

I 4. y'z'.

The laboratory coordinates are chosen to be

x = (1/W2)(x'+y'),

y =(1/v 2)( —x'+y'),
z=z'

(i.e., a rotation by vr/4 about the z axis).
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The perturbation potential describing the energy shifts
of the states due to the stress is given by the dyadic prod-
uct of an electronic operator y and the stress o

V=X ~)~oui ~

where the o,j transform as the products x;xi
(x;,xj ——x,y, z) and are related with the external stress X
as

the representations contributing to the respective terms.
We define matrix elements of the y„with the states

transforming as I i, . . . , I 4.

(r, /Y', /r, ) =a, ,

(r, /Y,"/r, ) =2w, ,

o,j ——
~

X
~

cos(X,i)cos(X,j)
with i,j unit. vectors along x,y, z. The energy shift b,E is
given by the matrix elements of V and does not depend on
the coordinate system. Therefore, it transforms as I

&
and

the sum in V contains only products of such y and cr ele-
ments which transform according to the same irreducible
representation in C2, . The form of V is thus derived to be

V='Ylo +'Yi(o +cryy)+YI crxy+Y2(oxz+oyz)

+y3(oyy —o )+y4( —o +oy. ) .

Here the subscripts of the electronic operators Y, denote

(r, /Y, /r, ) =D,,
(r, /Y, /r, ) =E,,
(r, /Y, /r, ) =F,,

(More precisely, these matrix elements should be written
as differences of two matrix elements in the upper and
lower transition states each of which has the form given
above: in the experiments we measure only differences of
level shifts. )

The total interaction matrix is symmetric and is written
as

I3

A)o~
+ A2(o~+oyy)
+2A3o„y

Di2(cr +cry, )

E i 3 (oyy —crxx )

F)4(oy, —o„,)

I2
D &2(o.„,+oy, )

A)o.
+ A 3 ( o.„„+cryy )

+2A 3
o.

~y

F23 (Oyz Oxz )

E24(cyyy —cr„„)

I3
E)3(oyy —o„„)

F23 (Oyz Oxz )

A )'o.

+ ~ 2'(cr +oyy )

+2A 3'o.
~y

D34(o„,+o„,)

F,4(oy, —o.„,)

E24(o yy
—o„„)

D34(o„,+oy, )

A ("'o.~
+ ~2"'(ox +oyy)
+2A3"'o

y

The diagonal elements are those which are contained in
the table given by Kaplyanskii. ' Our notation for the
corresponding piezo-optical constants A I, A2, and A3
confirm with Kaplyanskii s notation. States with half-
integral total angular momentum are split by a C2„crystal

l

field into substates transforming as I 5 (the only addition-
al representation in the double group in C2„).The effect
of stress on I 5 is described by the matrix element
( I 5/ V/I 5), which yields in detail

I 5

I 5 Aicr~+A2(o'x +cryy )+2A3crxy+t E(ox+oy)'''
I +

D(oxx cyyy ) +&F(cyxz oyz
)— —

A)cr +22(o +cryy)+2A3cr„y iE(o„,+oy, )—
Because Kramers degeneracy cannot be lifted by stress the
constants D, E, and I' must vanish. Therefore, only real
diagonal elements are left and these are the same as for
I„r„I 3 I 4 states. The product I 5@I 5 ——I ~+I 2+ I 3

+I 4 contains contributions from all one-dimensional rep-
resentations, so that three m oscillators can be emitted

which have different intensities and are quantized along
x', y', and z' in the defect system.

APPENDIX 8
The most general Zeeman Hamiltonian

zee =pg S'g'8
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of a s= —,(I s) state in C2„point-group symmetry is de-
rived. A z„transforms as I,. In the Td point group, B
transforms as I 4, therefore the product pz S g also
transforms as I 4. In C2„, 1 s( Td ) splits as
I 5~I 2+ I 3 +I 4 and the Zeeman matrix contains three
terms:

r'—1/2-
—1/2 g,B,

I 5
g~Bx —I.gy By

This is the same matrix which
Zeeman Hamiltonian

A z„—p~S.g.a

5

gxBx + lgyBy—gB
is obtained when in the

& r, /~„,/I, & =c,B,& r, /I, /r, &

+c2B,&I 5/I3/r, &

+c3B„&I 5/I g/I" s & .
0

gy 0

0 g,

one takes the spin- —,
' matrices for S and

r

g 0 0

The total magnetic interaction matrix can be written as for the g tensor.
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