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Photoluminescence spectroscopy of an Al-C complex in silicon

E. McGlynn, M. O. Henry, and P. McLoughlin*
School of Physical Sciences, Dublin City University, Glasnevin, Dublin 9, Ireland

E. C. Lightowlers
Physics Department, King’s College London, Strand, London WC2R 2LS, United Kingdom

~Received 28 September 1998!

Here we describe the results of an investigation of an Al-C defect complex in silicon. The defect center, with
a zero-phonon line energy at;922 meV, is produced by anneals at temperatures in the region 450–550 °C for
times ranging from 8 h to hundreds of hours. Uniaxial stress measurements have shown that the defect
symmetry is monoclinicI ~point groupC1h), and Zeeman spectroscopy reveals that the transition can be
regarded as the recombination of a spinlike electron and hole, with a slight anisotropy evident in the holeg
factor due to mixing of orbital character into the hole wave function. Our investigations have led us to agree
with previous suggestions that the defect is an Al-C complex. Perhaps most interestingly, we see striking
parallels between this defect and a previously reported Al pair defect, displaying almost identical uniaxial
stress and Zeeman behavior, with a zero-phonon line energy difference of;37 meV. The relationship between
these two defects is discussed in terms of similar behavior shown by other defects in silicon.
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I. INTRODUCTION

The behavior of defects in silicon remains a topic of co
siderable research interest, particularly the complexing
these defects with other impurities or native defects in
material. The electrical behavior and conductivity type of t
material can be greatly affected by the formation of su
complexes, and the details of their structure and forma
conditions are of considerable importance. A great dea
research has been done on the behavior of Al in silicon, a
is commonly usedp-type dopant, with concentrations up
1018atoms/cm3. Al-related complexes, in particular their re
lationship to thermal donor formation, have been extensiv
studied using a number of techniques.1–3 In addition, the
creation, behavior, and complexing of native defects in s
con such as interstitials and vacancies has also been an a
research topic for a great many years, and an enormous
ume of literature exists on these defects and their comple
behavior, and a good overview of such topics, was given
the review by4 Watkins. The work presented here is a co
tinuation of work begun by Drakeford and Lightowlers5 on a
defect with zero-phonon line~ZPL! energy at 922 meV ob
served in Al-doped, C-rich Czochralski~CZ!-grown silicon.
These authors reported the production conditions, ZPL e
gies, and vibrational band shape, and suggested a pos
formation mechanism for the defect. We have extended t
investigations to include an examination of the temperat
dependence of the photoluminescence~PL! spectrum, its be-
havior under both uniaxial stress and magnetic-field per
bations, and some preliminary comments about the de
chemical identity and creation process suggested by Dr
ford and Lightowlers.5

II. EXPERIMENTAL DETAILS

We used standard grade CZ silicon with Al concentratio
in the range 1015– 1017cm22 as a starting material. The in
tensity of the 922-meV PL signal was not dependent so
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on the Al concentration, indicating that some other impur
in the material has an effect on either the defect formation
luminescence efficiency. The samples were RCA cleaned
fore all heat treatments, and were annealed in a clean qu
tube for a range of times for temperatures up to 800 °C. T
optimum temperature to observe the 922-meV luminesce
was found to be;450 °C for periods of.100 h, although
reasonable samples could be obtained by annealing at 55
for ;10 h, in confirmation of the results of Drakeford an
Lightowlers.5 Samples used in uniaxial stress measureme
were cut into rectangular parallelepipeds~with approximate
dimensions 103331.5 mm3), with the sample long axis
parallel to the crystal axeŝ001&, ^111&, and^110&. Data for
the ^110& stress direction were taken with the collection o
tical axis parallel to thê001& crystal axis.

The luminescence was excited using either the 514-
line of an argon-ion laser, or the 800-nm line of an IE O
tomech model DM laser diode, and the excitation power w
typically ;150 mW ~unfocused! on the sample face. The
data were recorded using a Bomem DA8 Fourier transfo
infrared spectrometer, coupled to a LN2 cooled germanium
detector~North Coast model EO-817 ED2!. A closed-cycle
Janis CCS-500 cryostat was used for exploratory work wh
temperatures of;15 K were sufficient, while an Oxford In-
struments CF1204 helium flow cryostat was used for m
surements down to 4.2 K. Zeeman measurements were m
on an Oxford Instruments SMD6 superconducting magn
up to a maximum field of 7 T. The Zeeman measureme
were made in the Voight configuration, with a magnetic fie
perpendicular to the direction of the PL emission. The ap
ratus used for the uniaxial stress measurements is desc
elsewhere.6

III. RESULTS AND DISCUSSION

A. PL spectrum

In Fig. 1 below, we show a spectrum at 30 K of a C
grown Si:Al sample ~with aluminum concentration
10 084 ©1999 The American Physical Society
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FIG. 1. Si:Al spectrum at 30 K, showing ZPL detail.
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;1017cm23) annealed at 450 °C for 408 h, and in the ins
the ZPL region of the 922-meV defect. The ZPL is located
922.29~5! meV, close to the water vapor absorption band
;919 meV. The form of the phonon sideband was publish
by Drakeford and Lightowlers,5 and we have not studied thi
sideband further. We have indicated two other lines in
inset of Fig. 1. The line marked 925.6 meV is seen in mu
of the CZ Si:Al samples we have studied, but it does
thermalize with the 922-meV line, and survives at tempe
tures where the 922-meV system is completely quench
and thus we feel that it is unrelated to the 922-meV line
C-related defect with ZPL at 925.6 meV has been previou
reported,7,8 and we feel that this is a likely candidate for th
925.6-meV line we see. A weak feature at;927 meV is also
observed, whose intensity grows with increasing tempe
ture, and we believe this to be a weak transition from
excited state of the 922-meV center. Our thermalization d
on this feature, while showing reasonable linearity on
Arrhenius plot with activation energy close to the spect
line separation, are too poor to definitely confirm this assi
ment. The broad features at higher energies are due to b
exciton luminescence broadened by intercenter interacti
The lines in the region 1100–1150 meV are due to lumin
cence from a range of acceptor-related defects unrelate
the 922-meV system.5

The behavior of the PL spectrum in the range 917–9
meV is shown in Fig. 2, for a number of temperatures fro
4.2 to 50 K. The overall intensity of the 922-meV ZPL grow
first, reaching a maximum at;15 K, and then decreases wit
increasing temperature, and this temperature-dependen
tensity decay is well described by an equation of the form

I ~T!5
I ~0!

11GT3/2expS 2
Ei

kTD , ~1!

with a deactivation energyEi515.8(61) meV, whereG is
the effective band density of states relative to the defect d
t
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sity. The fit to this equation is shown in the inset of Fig.
Behavior of this sort is seen for many defects in silicon,9,10

with similar deactivation energies in the range 12–16 me
close to the value of the free-exciton binding energy of;15
meV.9 This indicates that the defect-excited state is form
by the capture of a free exciton rather than by capture of f
particles. Hence the loss in defect luminescence with incre
ing temperature is due to a dissociation of the free exci
before it can bind to the defect core.

B. Uniaxial stress and magnetic-field effects on PL spectrum

In Fig. 3 we show the behavior of the 922-meV ZP
under application of uniaxial stress along the three cry
axes ^001&, ^111&, and ^110&. The experiments were per
formed at 4.2 K to minimize line broadening due to therm
effects. As is commonly the case with PL measurements,
have not obtained particularly good quality polarization d
for any stress direction, and it is believed that this is due

FIG. 2. PL spectra as a function of temperature of the 922-m
PL system, with a fit to Eq.~1!.
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the multiple reflections suffered by PL as it exits the samp
Attempts to remedy this by the use of suitable masking of
sample edges has proved unsuccessful, and further wo
needed to address this issue. Any polarization data obta
were used only as a final check on the consistency of
conclusions drawn from shift rate equations and absolute
tensity ratios. The ZPL splits into two components und
^001& stress, into three under^111& stress, and into three un
der ^110& stress. Line splittings of 2 for thê001& axis, and
three for thê 111& axis in silicon can be accounted for eith
by a center with monoclinicI symmetry~point groupC1h),
or by anA–E transition at a state with trigonal symmet
~point groupC3v), both of which require four parameters
fully describe the line splittings.11

The basic equations describing the shift rates of ene
levels in a cubic crystal under uniaxial stress were derived
Kaplyanskii,12 and the symmetry-reduced parameter s
needed to fit the observed splittings are listed there. Attem
ing a self-consistent fit of the shift rates of the five lines se
under^001& and^111& stresses using these parameters, it w
observed that only a monoclinicI symmetry gave a consis
tent fit to these directionsand continued to give a consisten
fit when extended to thê110& line splittings.

FIG. 3. Behavior of the 922-meV ZPL as a function of uniax
stress along the principal crystal directions:^001& ~top!, ^111&
~middle!, and^110& ~bottom!.
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No strong evidence of interaction effects was seen for
stress direction, but the range of the stress apparatus
~,;120 MPa! did not permit a more detailed analysis.
particular, up to 120 MPa, there was no evidence of an
teraction between the 922- and 927-meV ZPL’s. The bes
lines to a monoclinicI model are shown in Fig. 4, superim
posed on the data points, and the fit is seen to be quite g
in all directions. The fit parameters and measured and
dicted energy shift rates are listed in Table I. If we assu
that the observed spectral lines are due to electric dip
transitions, as is the case for the vast majority of defects
silicon,13 the relative intensity ratios of the stress-split com
ponents can be easily calculated.11,12 For defects with low
symmetry in silicon such as triclinic and monoclinicI, how-
ever, the dipole orientation is not fully established by t
symmetry of the defect.11,12 In particular, for the case of an
A-A transition at a monoclinicI (C1h) center, the dipole can
be oriented in any direction in the reflection plane, whi
Kaplyanskii referred to as a plane oscillator.12,14 If we com-
pare the measured line intensities with those predicted fo
A-A transition~dipole along thê112& axis! for a monoclinic
center14 listed in Table I, we can see that good agreemen
found between theory and experiment for all stress dir
tions. Thus we feel that the 922-meV center involves anA-A
transition at a site of monoclinicI symmetry, with dipole
orientation along thê112& axis.

One rather unusual point is that under^110& stress, only
three components are seen. It is sometimes the case for^110&
stress that certain orientations of the center should be in
ible when viewed along thê001& axis~for example, a mono-
clinic I center with the dipole parallel to the^110& axis14!, but
we think that this is not the case for the 922-meV defect. T
two highest energy predicted components are close~;0.3-
meV separation at 60 MPa! compared to the linewidths o
the other components~.0.3 meV at 60 MPa!, and we be-
lieve that the single highest-energy component we see is
tually composed of two overlapping components. Finally
note that our tentative polarization data are in agreem
with these conclusions.

Zeeman measurements in magnetic fields up to 7 T on a
^001&-oriented sample~rotated in thê 110& plane! have not
revealed any shift or splitting of the 922-meV ZPL to a firs
order approximation. Specifically, no splittings correspon

FIG. 4. Monoclinic I fit to 922-meV stress data; fits are show
by solid lines, experimental data are represented by circles.
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TABLE I. Shift rates and line intensity ratios for the monoclinicI A2A transition model for the
922-meV center ZPL.

Expression for shift
rate

Best-fit shift
rate

~meV/GPa!

Measured
shift rate

~meV/GPa!

Predicted
intensity

ratios

Measured
intensity

ratios
^001& stress direction

A1 12 12.6 1 1
A2 212 211.1 3 2.6

^111& stress direction

1
3 (A112A222A324A4) 4 0.78 5 3.2
1
3 (A112A222A314A4) 18 17.5 5 4.8
1
3 (A112A212A3) 219 219.1 6 6

^110& stress direction~dipole along^112&!

3
2 (A11A222A4) 25.25 23.47 2 1.8
1
2 (A11A212A4) 10.5 6.66 2 2
(A22A3) 5.25 6.66 2 2
(A21A3) 234.5 239.4 2 2
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ing to standard half-integer or integer angular moment
have been observed. Singlet behavior of this nature is c
mon in many defects in silicon, and has been observed f
number of low-symmetry defects~monoclinicI and rhombic
I! involving Cd, Zn, and Be,10,15,16 in addition to common
defects such as the 969-meV ‘‘G’’ line. 5 Such behavior can
in many cases be well described by an independent-par
model for an isoelectronic bound exciton complex, where
hole is the tightly bound particle, and consequently has
orbital momentum strongly quenched to leave a predo
nantly spinlike state. The ZPL then corresponds to electr
hole recombination as shown in Fig. 5. Upon application o
magnetic field, the electron and hole spin doublets split,
only transitions withDS50 are allowed~transitionsa andb
in Fig. 5!. Hence the ZPL remains unaffected by the ma
netic field in this model.

A higher resolution study of the behavior of the 922-me
ZPL, however, reveals fine structure in the ZPL, and that
structure is strongly dependent on the orientation of
sample in the field~as thê 001& sample is rotated in â110&-
type plane, the magnetic-field direction with respect to
sample changes from̂001& through^111& directions, and fi-
nally to a ^110& direction!. This behavior is shown in Fig. 6
for a field of ;7 T. Such a structure, and especially its a

FIG. 5. Independent-particle model for singlet magnetic beh
ior of the 922-meV ZPL.
-
a

le
e
ts
i-
n-
a
t

-

is
e

e

-

gular dependence, is strongly indicative that the orbital
gular momentum of the hole is not fully quenched, introdu
ing anisotropy into the magnetic-field behavior of th
defect.17 The signals from the 922-meV defect during th
Zeeman experiment were quite poor, and it was not poss
to obtain data of sufficient quality to determine the details
the magnetic behavior. In particular, it was not possible
use the anisotropic magnetic behavior as an indepen
check of the center symmetry.

From our uniaxial stress and Zeeman results, we feel c
fident that the center exhibits a pseudodonor behavior, wi
tightly bound hole and effective-mass-like electron, at a s
of monoclinic I symmetry in the crystal. The anisotrop
magnetic-field behavior of the ZPL suggests that the ang
momentum of the hole is not completely quenched, w
some orbital character admixed into the wave function by
spin-orbit interaction.

-
FIG. 6. Fine structure of the 922-meV ZPL as the^001& sample

is rotated through 90° with respect to the magnetic field in the^110&
plane.



ed

y
tr

a
a
re

ch

is
er

a
a

-
ar
a
a

o
th

nc
th
.

th
e

he
a

en

s
th
e

t
e
ee

ts
im

m-

by
an

y
ect
fi-
the

al

r
, is

en
the

of
tate
the

ron
t the
due
ole

ion
s

ct

an-
em-
ation

ts.

V i.

e

10 088 PRB 59McGLYNN, HENRY, McLOUGHLIN, AND LIGHTOWLERS
C. Relationship between the 922-meV center and 885-meV
center seen in FZ silicon

In a study of bound exciton luminescence at Al-relat
defects in electron-irradiated floating zone refined~FZ! sili-
con, Irion et al.18 reported a ZPL at 885 meV which the
attributed, on the basis of annealing experiments and elec
paramagnetic resonance measurements, to an Als-Al i pair.
Uniaxial stress measurements indicate that the defect h
monoclinic I symmetry, and Zeeman measurements indic
that the ZPL is a magnetic singlet, corresponding to the
combination of a spinlike electron with a spinlike hole whi
has a slight anisotropy in itsg factor. The most interesting
aspect of this defect from the point of view of this paper
the striking similarity of the behavior of the two ZPL’s und
both uniaxial and Zeeman perturbations. For stresses,120
MPa, the behaviors of the 922- and 885-meV defects
virtually identical. They show identical fan diagrams, and
fit of the data to a monoclinicI model gives virtually iden-
tical stress parameters. Irionet al.18 constrained their fit to
have only three lines under the^110& axis, and so their pub
lished parameters differ from ours. However, if their data
used with the same unconstrained fit we used on our d
almost identical best-fit parameters are found. These data
summarized in Table II, where we list the line-shift rates
both centers under uniaxial stress. The shift rates for
centers are seen to be almost identical, and any differe
can be related to the difficulties in precisely determining
shift rates of the 885-meV center from the published figure18

The only difference between the two is that the dipole of
885-meV transition is oriented differently from that of th
922-meV line, revealed by the differing line intensities of t
stress-split components in the two defect systems. These
thors also saw some evidence from temperature depend
data for the presence of an excited state;3 meV above the
885-meV ZPL, and this is also seen in their high stre
~.150 MPa! spectra. Finally, the Zeeman behaviors of bo
defects are virtually identical, showing magnetic singlet b
havior and anisotropy in theg factor of the spinlike hole,
although the more detailed Zeeman measurements on
885-meV ZPL reveal evidence of a dynamic Jahn-Teller
fect. Our Zeeman data on the 922-meV line has not b
sufficiently well resolved to see such an effect~if it exists for
this center!.

The striking similarities in the behavior of the two defec
argues strongly for a relationship between them. Such s

TABLE II. Details of stress shift rates of 922- and 885-me
centers.

Stress shift rates
~meV/GPa! 922-meV defect 885-meV defect

~001! 12.6 11.9
211.1 213

~111! 17.5 16
0.78 0

219.1 217.3
~110! 6.66 7.9

23.47 26
239.4 240
on
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larities have been observed before for a number of co
plexes in silicon@such as Li and Be~Refs. 19–21!#, and are
interpreted in terms of a modification of the bare complex
the addition of a nearest-neighbor C atom, resulting in
increase in the ZPL energy of the C-modified defect of;40
meV ~see Table III!. The fractional increase in ZPL energ
of the 922-meV defect with respect to the 885-meV def
follows this trend very closely, and thus we feel quite con
dent that the 922-meV center is a C-modified version of
885-meV center, composed of an Als-Al i pair with a nearest-
neighbor Cs atom, and this is in agreement with the origin
prediction of Drakeford and Lightowlers,5 which is discussed
more fully in Sec. III D below. A possible atomic model fo
such a system, which has the appropriate symmetry
shown in Fig. 7.

The addition of a C atom to all the above centers is se
to have the effect of increasing the ZPL line energy. Both
922- and 885-meV centers display a pseudodonor type
structure, but in the absence of data on the excited-s
structure of both systems we are unable to comment on
detailed effects of the carbon modification on the elect
and hole electronic structures. We can, however, say tha
effects on the ZPL of the nearest neighbor C are not
simply to the strain effects of the C atom, because the dip
moment of the transition is changed by the C modificat
~as noted above!, which cannot be explained simply in term
of a strain effect on the 885-meV center.

D. Production mechanism of the 922-meV center

A tentative model for the creation of the 922-meV defe
was given by Drakeford and Lightowlers,5 based on the cir-
cumstantial evidence associated with the relatively long
nealing times at 450–550 °C. Such annealing times and t
peratures are characteristic of the movement and aggreg

FIG. 7. Possible atomic models for 922- and 885-meV defec

TABLE III. Details of some C-modified defects observed in S

Atomic
species

Complex
without C

C-modified
complex Change in ZPL Referenc

Be 1076 meV 1117 meV 41 meV 20, 21
Li 1044 meV 1082 meV 38 meV 19
Al 886 meV 922 meV 36 meV 5, 18
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of oxygen in CZ silicon. The model put forward by the
workers is as follows. As oxygen aggregates are formed
the silicon during the anneal, the associated strain is relie
by the release of silicon self-interstitials. These se
interstitials are then captured to release both substitution
and Al into mobile interstitial sites, which are free to for
complexes.

We have attempted to investigate the production mec
nism of Drakeford and Lightowlers5 outlined in the para-
graph above, and to establish more definitely the link w
the 885-meV center. Specifically, it appears that there is
reason why the 922-meV defect cannot be created in oxyg
lean FZ material, although it has never been observed in
material, as the role of the oxygen in CZ material is simp
to provide a source of self-interstitials during the anneal.
have electron irradiated various samples of FZ-grown m
rial with Al concentrations in the region of 1016cm23, and C
concentrations in the range (0.7– 2.3)31016cm23 in order to
produce self-interstitials in the material, and to continue
production of the 922-meV defect from that point. In a
cases the irradiation energy was 2 MeV, at a dose o
31017e/cm22.

Our first attempts to create the 922-meV defect in
material by means of a single electron irradiation and vari
anneals proved unsuccessful. We observed only the 885
fect, and saw no evidence of the 922-meV line. We ha
performed experiments using an initial electron irradiat
and anneal at;300 °C for 3 h~Ref. 18! to create the 885-
meV defect, followed by a second irradiation~and subse-
quent anneal! to create self-interstitials which are subs

FIG. 8. Comparison of double-electron-irradiated FZ Si:Al w
CZ Si:Al.
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quently captured to release C interstitials. These
interstitials may then be captured by the 885-meV defec
form the 922-meV system. Figure 8 shows a spectrum
both CZ Si:Al annealed at 450 °C for 400 h, and a FZ sam
which has received this double irradiation treatment follow
by an anneal at 100 °C for 30 min. A weak line at 922.2~1!
meV is seen in this sample, coincident with the Al-C 92
meV defect. This line is not seen in any samples which h
not received the double-electron irradiation treatment. T
signal levels associated with this line are too weak to all
us to identify it with complete certainty as the 922-me
Al-C defect, but we are nonetheless quite confident in t
identification. Our future experiments will utilize sample
with higher electron irradiation doses to enhance this sig
which will hopefully allow us to observe the 927-meV line
which we believe is due to an excited-state transition of
922-meV Al-C system, and hence to identify this featu
conclusively. Nonetheless, this result provides strong e
dence in favor of the production mechanism proposed
Drakeford and Lightowlers.5

IV. SUMMARY

We have presented temperature dependence, unia
stress, and Zeeman data on the 922-meV defect observe
CZ Si:Al by Drakeford and Lightowlers.5 These measure
ments have enabled us to observe a thermalizing exc
state;5 meV above the main ZPL, and also to show that
922-meV transition is due to the recombination of a pseu
donor-type bound exciton at a site of monoclinicI symmetry
in the crystal. Furthermore, we observe that the orbital an
lar momentum of the hole is incompletely quenched, res
ing in an anisotropic fine structure in the Zeeman spec
Comparison of these data with data on an Al pair defect w
a ZPL at;885 meV observed by Irionet al. reveals striking
similarities between the two systems, leading us to assign
922-meV defect as a C-modified version of the 885-m
system. Finally we have shown the possibility of produci
the 922-meV system in FZ material by electron irradiati
and annealing treatments, and this provides strong pos
evidence for the production mechanism proposed by Dra
ford and Lightowlers.5
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