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Two aluminum-related defect spectra in irradiated silicon, All with a no-phonon transition at
0.836 eV and AI2 at 0.886 eV, are studied by photoluminescence measurements employing tempera-
ture control and perturbation spectroscopy with uniaxial stress and magnetic fields. All is a defect
of rhombic I (C,,) site symmetry, probably incorporating carbon in addition to aluminum. Its opti-
cal properties are very similar to those of the Gal and T defects (related to Ga and C or B and C, re-
spectively), suggesting equivalent microscopic structure of the All, Gal, and T defects. For Al2,
monoclinic I (Cy;) or trigonal (C;,) symmetry is found in stress or Zeeman measurements, respec-
tively, with annealing behavior and local modes similar to All.

I. INTRODUCTION

Irradiation of silicon with high-energy electrons, typi-
cally in the MeV range, and partial annealing at different
temperatures creates a large number of defects that give
rise to characteristic photoluminescence (PL) spectra. '
Dominant in nominally undoped silicon are two optical
defects related to the persistent, electrically inactive im-
purities carbon and oxygen. In oxygen-lean float-zone
silicon, the spectrum with no-phonon (NP) emission at
0.97 eV (“G line”) prevails; in oxygen-rich pulled silicon,
the spectrum at 0.79 eV (““C line”) is strongly observed in
addition to the G line. Recent observation of isotope
effects on the spectra which were originally reported
more than 20 years ago>? firmly established the role of
carbon, oxygen, and silicon self-interstitials.*”’ Micro-
scopic models of the defects have emerged based on
electron-paramagnetic-resonance measurements and re-
lated techniques consistent with the large amount of pre-
vious optical data: The 0.97-eV defect is ascribed to a
C,-Si;-C, complex® (s, substitutional; i, interstitial site)
and the 0.79-eV center identified as an interstitial carbon
atom trapped near an interstitial oxygen atom.’ All oth-
er irradiation-induced luminescent defects are less well
documented and understood.

The ability of the electrically active group-III and
group-V impurities to form complex luminescence
centers in irradiated silicon appears to be quite ine-
quivalent. No such centers are reported in the literature
in conjunction with the group-V donors. The situation
for group-III acceptors is different. Boron pairs, interact-
ing with a still unknown partner, give rise to the I2 line
at 1.108 eV'%, and a second electronic-vibronic spectrum
at 0.9351 eV (“T line”) was associated with boron in addi-
tion to carbon.!! Gallium is responsible for the defects
Gal (0.875 eV),'? Ga2 (1.049 eV),"3 and Ga3 (0.928
eV).!* The latter luminescence spectra were first report-
ed by Noonan et al.,'> who also observed an aluminum-
related line (All) at 0.836 eV. These authors mainly in-
tended to study the influence of Al and Ga doping on the
formation of the 0.97- and 0.79-eV defects, whose struc-
ture was not known at that time. With this particular in-
tention, neither a spectrum of All was exhibited nor oth-
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er information advanced exceeding the annealing behav-
ior. On the other hand, Lightowlers and Drakeford'® ob-
serve a complex series of sharp lines in the range
1.05-1.15 eV after 450°C thermal annealing for up to 50
h related to Al doping of the starting silicon crystals.
This recent finding lends new attraction to Al as an im-
purity interacting with other atomic species to form
pointlike optical centers.

The lack of knowledge on the initially reported All de-
fect has motivated the present investigation. Our study
includes observation of a second, irradiation-dependent
optical center at 0.8859 eV associated with Al as well,
which we label Al2. For both spectra, we investigate an-
nealing behavior, temperature-controlled deactivation of
the luminescence, and line splittings under uniaxial stress
and in magnetic fields to make symmetry assignments.
Correlations with other defects are finally discussed. Ex-
perimental details are as described elsewhere. !!*12

II. Al1 DEFECT

Our data on the growth and disappearance of the All
spectrum as a function of isochronal 1-h annealing steps
are shown in Fig. 1 and are consistent with the result of
Noonan et al.!® Data sets were taken for three different
samples of low-oxygen float-zone silicon at aluminum
concentrations of 1x10%, 5x10', and 1x10' c¢cm™?
with carbon and oxygen concentrations below the detec-
tion limit of 2 10'® cm~? by ir vibrational absorption.
In addition, spectra from other aluminum-doped samples,
identically irradiated to a fluence of some 10'°
electrons/cm?, were studied in the optimum annealing
stage at 300°C. The intensity of the All line is not pro-
portional to the aluminum concentration, as some sam-
ples of significantly lower aluminum doping than others
showed much stronger luminescence intensity. This indi-
cates that aluminum needs a coactivator to form the opti-
cal defect. Other doping impurities, such as boron or
phosphorus, do not appear to play a role; hence partici-
pation of oxygen or carbon would be a reasonable as-
sumption. Noonan and co-workers'® studied the All
spectrum in oxygen-rich pulled silicon and reported weak
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FIG. 1. Isochronal annealing (1-h steps) of the All spectrum
in three different samples of float-zone (FZ) silicon with Al con-
centrations 1X10'%, 5X10'5, and ~1X10"7 ¢cm™3 and carbon

and oxygen concentrations below 2 X 10" cm 3.

intensities of All compared to the 0.97- or 0.79-eV
luminescence. We also observe comparatively small sig-
nals of All, but in oxygen-lean float-zone silicon which
tends to favor carbon as the partner of aluminum in the
optical center. On the other hand, it was found'® that Al
doping inhibits formation of the 0.79-eV (C line) defect
which incorporates carbon and oxygen. This would hint
to either carbon or oxygen. In this study, there was no
suitable *C-enriched, Al-doped silicon-crystal available
to probe carbon incorporation by potential *C-!C iso-
tope shifts in the spectrum.

Figure 2 shows the All electronic-vibronic photo-
luminescence spectrum. The NP transition at 0.8368 eV
is accompanied by satellites due to lattice phonons or lo-
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FIG. 2. All spectrum with no-phonon transition (Al1)° at
0.8368 eV in an oxygen-lean, Al-doped FZ silicon sample after
irradiation and annealing at 275°C. For line positions, see
Table I.
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TABLE I. All luminescence spectrum with line positions
and assignments.

Photon Displacement
energy from NP line
Line (meV) (meV) Remarks
(Al1)° 836.8 NP transition
TA 819.8 17 TA replica
1 804.9 319 2XTA
2 796.6 40.2 LA (D
3 777.6 59.2 TO
(Al1)! 772.4 64.4 defect-modified OF
4 765.1 71.7 local mode
5 759.0 77.8
6 724.0 112.8 local mode
7 709.1 127.7 2% (A1)

cal vibrational modes (cf. Table I). The satellite (Al1)!
shifted from the NP transition by 64.4 meV close to the
energy of the O zone-center optical phonon is dominant.
Due to the relative sharpness and large intensity of this
satellite, we assign the line to a defect-modified O T lattice
mode. Other satellites are much weaker. Their positions
and displacement energies from the NP transition are
given in Table I with possible assignments indicated.

The thermal deactivation of the All line is exhibited in
Fig. 3. The luminescent state of the defect is stable up to
~20 K and is then dissociated in two steps, suggesting
thermal occupation of an intermediate excited state.
Theoretical fits employing a three-level scheme yield
(15£5)-meV excitation energy of the intermediate state
above the luminescent ground state, and a final dissocia-
tion energy of the order of 150 meV. Excitation spectros-
copy performed on the All defect with a tunable color-
center laser!” yielded the TA lattice phonon as a broad
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FIG. 3. Thermal deactivation of the All line. Solid line is a
fit (three-level scheme) with dissociation into the conduction or
valence band proportional to T3/2. The expression used is given
in the figure with the parameters E;, =14 meV, E, =145 meV,
C,=1500,and C,=2X10" K32,
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anti-Stokes line and two sharp electronic lines at 21 and
28.4 meV in excess of the NP transition energy. The 21-
meV state could be identical to the thermally deduced ex-
cited state at 15+5 meV.

The site symmetry of the All center was determined by
studying the NP line under uniaxial strain. Stress X up to
320 MPa was applied, directed along (001), (111), and
(110) crystal axes in suitably cut samples. The splitting
of the All line is shown in Fig. 4, which also presents
selected spectra at specific stress values with 7- and o-
polarized portions of the stress-split components indicat-
ed. The relatively broad low-energy component for
X||{110) exhibits the largest splitting rate and is there-
fore most sensitive to stress inhomogeneities explaining
the width of that line. As there is no thermalization
among the various components for a given stress direc-
tion, we interpret all splittings as being due to the lifting
of orientational degeneracies. The number of com-
ponents and the observed prevailing polarization features
are consistent with the luminescence light corresponding
to a  oscillator at a defect in the rhombic I (C,,) sym-
metry group.'® This means that the transition is polar-
ized parallel to the z axis of the defect. Good fits to the
splitting rates in Fig. 4 can be made with the set of
piezooptic constants (in units of meV/GPA,

A,=11.5, 4,=—16.0, A4,=23.3,

confirming the C,, -symmetry assignment. Upon di-
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FIG. 4. Lower diagrams: splitting of the (Al1)° line when
uniaxial stress is applied along (001), (111), and {110) crystal
directions. Upper diagrams: spectra at specific stress values.
Polarization of the stress split components is mixed 7 and o un-
less otherwise indicated. Solid lines in the lower diagrams are
fits employing the piezooptic constants given in the text.
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agonalizing the piezooptic tensor'® with these tensor ele-
ments one obtains eigenvalues of 17.5, 7.3, and —39.3 in
the defect coordinate system Z,9,%. The big difference of
the values for £ and ¢ indicates that the center is “hard”
toward deformation in one of the two directions but
“smooth” in the other perpendicular direction. This
finding is similar to the case of the Gal center and can be
explained by an essentially planar defect configuration.

In magnetic fields of 5.3 T the dominant emission is a
line or “group” of lines close to the unperturbed position
of the (A11)° transition. The splitting of the “group” is
very small and anisotropic, with a single line for B||{001 )
and at least two components for the other directions most
widely split apart for B||{111) and less widely for
B||{110). Very weak outer components were observed
for some orientations of the magnetic field, displaced
from the central group by energies corresponding to g
values of 1.3-1.7. Despite the limited data, the basic in-
terpretation is evident and similar to that discussed in de-
tail later in this paper for Al2: The All line is due to an
electron (s =1) recombining with a spinlike hole (s =1)
whose orbital momentum is quenched. There are almost
no admixtures of orbital states to the hole spin; hence the
outer Zeeman transitions, mg(electron)=t1—m(hole)
= ¥ 1, are rather strictly forbidden (cf. Figs. 8 and 9).
The anisotropic fine splitting of the central emission hints
to trigonal (C;,) symmetry of the defect in magnetic
fields. It is noteworthy that the general recombination
scheme, s =1 —s =1, not only applies to the two present
Al-related luminescence defects, but also to the Gal and
T centers (Refs. 12 and 11, respectively).

II1. Al2 DEFECT

The Al-related defect photoluminescence spectrum,
with NP transition (A12)° at 0.8859 eV, has not been re-
ported before. It grows in close to 250°C, peaks at
around 300°C, and is quenched close to 400°C (Fig. 5).
This annealing behavior was observed for the three sam-
ples characterized earlier in conjunction with All. The
annealing behavior of Al2 is practically identical to that
of the All spectrum.

In all samples studied the All spectrum was superim-
posed on the Al2 spectrum at much larger intensities.
This hampers identification of vibronic satellites associat-
ed with the NP transition (A12)°. The weak Al2 spec-
trum is further obscured by the 0.79-eV C line and its
sideband. Comparison of samples showing the All and
Al2 spectra at different relative intensities demonstrates
that the line labeled (AI2)! in Fig. 6 is associated with the
(AI2)° NP transition. The corresponding mode has
hv=66.6 meV and is interpreted as a defect-modified lat-
tice vibration similar to the All defect.

Temperature-controlled measurements were conducted
but are relatively inaccurate due to the weakness of the
spectrum. The luminescent state of the Al2 defect is
stable up to =20 K. It is then dissociated in two steps:
the first step indicating an excited upper state 7-14 meV
above the luminescent state, and the second step indicat-
ing a dissociation energy of the localized electron-hole
pair of very roughly 90 meV.
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FIG. 5. Isochronal annealing (1-h steps) of the Al2 spectrum
in the three samples of Fig. 1.
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The effect of uniaxial stress on the (A12)° line is shown
in Fig. 7. For stress along each of the principal crystal
directions, the splitting rates are nonlinear, suggesting in-
teractions with an electronic excited state a few millivolts
above the luminescent ground state. [An excited state
line =3 meV above (AI2)° was indicated in higher-
temperature spectra, but could not be unambiguously re-
lated to the AIl2 spectrum.] The number of stress-
induced components is 2, 2, and 3 for stress along (100),
(111), and (110), respectively. This is consistent either
with an E-to- A4 transition at a center of trigonal symme-
try, including lifting of the electronic degeneracy of the
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FIG. 6. AI2 spectrum showing the no-phonon transition
(A12)° at 0.8859 eV and the local-mode satellite (A12)! at 0.8193
eV. Inset: high-resolution spectrum separating (Al2)' from the
broad TA replica of (Al11)°.
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FIG. 7. Lower diagrams: splitting of the (AI2)° line under
uniaxial stress directed along (001), (111), and (110) crystal
directions. Upper diagrams: spectra at selected stress values
with 7 or o polarizations of the stress-split components. Fits in
the lower diagrams employ the piezospectroscopic constants
given in the text and refer to the linear splitting regimes at low
stresses.

E-symmetric state,'®!° or with an A-to- 4 transition at a

center of monoclinic (C,,) symmetry, where the observed
splittings are all due to the lifting of the orientational de-
generacy.'®!? In either case, there must be accidental
coincidence of two components for X|[{110). As no
thermalization is observed between any of the stress-
induced line components and as the defect ground state is
neutral (i.e., 4 symmetric), we assume purely orientation-
al splittings in the C,;, point group. Limiting the analysis
to the initial linear splitting regime at low stresses, we
were able to find a set of piezooptic parameters in satis-
factory agreement with the data in Fig. 7. The parame-
ters are (in units of meV/GPa)

A,=13.5, 4,=-8.0, A;=—16.5, |A4,|=6.5.

Corresponding calculated splitting rates are compared in
Fig. 6 to the experimental data. Comparison of experi-
mental and group-theoretical polarizations is not particu-
larly helpful in the present case. For C,, site symmetry,
transitions between states transforming as the same irre-
ducible representations are 7 polarized and those be-
tween states transforming as different representation are
o polarized.?’ Taking into account the twofold Kramers
degeneracy under strain in the C,, double group, the
states are linear combinations of 'y and I',; hence transi-
tions I's;+Iy—TI';+T, are mixed 7 and o-polarized
light.

Zeeman measurements were carried through up to
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magnetic fields of 5.3 T. For all field directions the Al2
line splits basically into a triplet with a dominant central
component or group of lines and two weak outer com-
ponents (Fig. 8). Similar basic triplet patterns have previ-
ously been reported for the luminescence lines of the Gal
defect'? and the T defect.!! Adopting the interpretation
from these cases we ascribe the present triplet to the
recombination of an s =1 electron with a weakly in-
teracting spinlike s =1 hole whose orbital momentum is
quenched. Remaining orbital admixtures to the spin
states render the m;=+1— F 1 transitions weakly al-
lowed (Fig. 8). Quenching of the hole orbit implies that
the hole is tightly bound experiencing the true site sym-
metry of the defect. This gives rise to the anisotropic fine
splittings observed in the angular dependence of the Zee-
man spectra (Fig. 9). Within the model they can be fitted
assuming trigonal (C;,) defect symmetry with
g.(isotropic)=2 for the electron and gy=3.2and g, =1.6
for the hole, yielding an effective value of g,=1(g,
+2g,)=2.1 In Fig. 9 the difference between the experi-
mental data points and the fit in the high-energy branch
is outside the experimental error. These deviations are
similar to the Zeeman data of the T line,!! and as in that
case could indicate interactions with a low-lying excited
state. The discrepancy between the trigonal or monoclin-
ic symmetry assignments from Zeeman or stress data, re-
spectively, can be reconciled. We assume that only the
heavy perturbation by the applied stress pins the defect in
a static C,, configuration corresponding to its true site
symmetry, whereas dynamic averaging between the three
equivalent C,,-symmetric configurations around a (111)
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FIG. 8. Zeeman spectrum of the (A12)° line for B||[111]. In-
set shows basic s=1 to s=1 electron-hole recombination
scheme. Fine splittings in the central group are due to the tri-
gonal site symmetry with components a related to [111] centers,
b to [111] centers, ¢ to [1T1] centers, and d to [111] centers
(compare Fig. 9).
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gonal (C3,) site symmetry.

axis leads to the trigonal symmetry observed under the
weak Zeeman perturbation. Such behavior was convinc-
ingly demonstrated for the 0.97-eV defect in optically
detected magnetic resonance measurements® and oc-
curred for temperatures in excess of ~15 K. This ex-
planation is also plausible in the present case as diagonal-
ization of the piezooptic tensor'? yields one of the princi-
pal axes of the defect in a (110) plane 2° from a {111)
direction.

IV. DISCUSSION

In a previous paper!! we noted briefly a possible rela-
tionship between the T defect (studied in some detail in
that work) and the Gal and All centers. The data given
here on All in comparison to the existing data on Gal
(Ref. 12) and T (Ref. 11), in fact, promote this idea. Dop-
ing considerations were mainly used previously to argue
that the T defect incorporates carbon and boron. Carbon
incorporation was independently confirmed by a '3C-'2C
isotope shift of the NP transition. Likewise, the Gal
center incorporates carbon and gallium, as was proved by
doping studies and a carbon isotope effect on the NP line.
For All the early data of Noonan et al.!® and the present
study demonstrate the role of aluminum in the formation
of the optical center. In addition, carbon is likely in-
volved as discussed above. Summarizing these data there
is some evidence that the three defects under discussion
form upon interaction of the group-III impurities boron,
aluminum, or gallium with carbon. Defect constituents
other than these are not obvious in the present stage of
knowledge.

A strong link between the three defects is established
by their common rhombic I (C,v) site symmetry. This
point group is rare for luminescent defects in irradiated
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silicon, the only examples known by now being Gal,'>?!
T," and All apart form Ga2, which was also assigned
C,, symmetry and which is related to Gal (Ref. 13) as a
possible sucessor defect. In the three cases under discus-
sion the symmetry assignment is based on uniaxial-stress
data. For Gal and T it is independently arrived at by
Zeeman spectroscopy which shows in addition that in
both cases the luminescence is due to the radiative
recombination of an isotropic electron with a nonin-
teracting anisotropic spinlike hole. The latter statement
can also be made for All from the Zeeman data described
in this paper. Among the three defects discussed, the
quenching of the hole orbital momentum is most com-
plete for All.

Common among the three defects is also their vibronic
spectrum which, as the sole important feature, exhibits a
mode in the 60-meV range. The vibronic satellite line is
very narrow and strong in all three cases compared to
true lattice modes; hence it is characteristic of the de-
fects.

The common features mentioned here suggest that the
Gal, T, and All defects have identical microscopic struc-
ture apart from the chemical difference of the group-III
impurity. Significant differences exist in the annealing
behavior where the luminescence from Gal is strong
after a few days of room-temperature storage and can be
slightly increased by annealing, at 150-200°; the T-line
peaks in the 400°C range and the All line at around
300°C. Such a comparison may be of limited value for
defects incorporating different impurities: The annealing
behavior does not only reflect their stability, but also de-
pends on the availability of their atomic constituents,
subject to competitive defect formation and release from
other defects. Evidence for such competition between
All and the 0.79-eV center or Gal and the 0.97-eV center
was given for instance in the work by Noonan et al.'®

For a discussion of the microscopic structure the data
on Gal appear to be the most detailed and specific ones,
but yet have not led to an unambiguous model. The sim-
plest model consistent with the existing data and dis-
cussed previously!>?! is a gallium-carbon pair sharing a
substitutional site with its axis along a {(001) direction.
As the number of Ga and C atoms per center is not
known for sure various other models appear possible.
Correlation of All with Al-defects as studied by EPR
(G9, G18-G21) (Ref. 22) is unclear. Si-G21 could be
considered the only corresponding EPR candidate as it
emerges after annealing temperatures > 200°C, pairs off
with another (yet unknown) defect, and was assigned
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monoclinic symmetry. The latter feature is inconsistent
with the All rhombic site symmetry; however, reorienta-
tion upon change of charge between the EPR- or PL-
active states could possibly explain this discrepancy.

The second PL defect studied here, Al2, exhibits trigo-
nal symmetry in Zeeman measurements and monoclinic
symmetry in stress measurements. As discussed above,
this can be explained in a dynamic model with C,, being
the true symmetry of the defect configuration. Alumi-
num incorporation in Al2 is unambiguous from the previ-
ous' and the present study. Based on these data,
correspondence to Al;-Al; pairs as studied in EPR (Ref.
22) could be possible. Two pair defects, G19 and G20,
were observed in the paramagnetic resonance studies
with different g values and A parameters.?? The anneal-
ing behavior of the EPR Al pairs®® is strikingly identical
to that of the Al2 defect. Moreover, the PL intensity of
the Al2 spectrum is always significantly lower than for
All expected from a competition between the two defects
when Al2 needs two aluminum atoms to form. Though
these data may suggest a relationship between Al2 and
the Al -Al; pairs, further discussion of this point has to
await more experimental data.

In conclusion, we have studied the All (0.836 eV) de-
fect luminescence spectrum and reported a new spectrum
Al2 (0.886 eV) which is related to Al as well. The data on
All suggest that this defect is very similar or equivalent
in structure to the Gal defect, with Al replacing the Ga,
and to the T defect possibly with B as the group-III im-
purity. The Al2 defect shows some correspondence to
Al-Al; pairs as reported by EPR measurements. How-
ever, a definite correlation cannot be made at present.

Note added in proof. Recent measurements on 100%
3C abundant float-zone silicon which is Al implanted
and annealed at 300°C reveal a '*C-!>C isotope shift of
the (A11)° line of order 0.03 meV proving the incorpora-
tion of carbon in the All defect.
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