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Photoluminescence spectroscopy of an Al-C complex in silicon
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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 at922 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 monoclinid (point groupC,), 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 tige hole
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 AI-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 differenegrofneV. The relationship between
these two defects is discussed in terms of similar behavior shown by other defects in silicon.
[S0163-182699)00915-7

[. INTRODUCTION on the Al concentration, indicating that some other impurity
in the material has an effect on either the defect formation or
The behavior of defects in silicon remains a topic of con-luminescence efficiency. The samples were RCA cleaned be-
siderable research interest, particularly the complexing ofore all heat treatments, and were annealed in a clean quartz
these defects with other impurities or native defects in théube for a range of times for temperatures up to 800 °C. The
material. The electrical behavior and conductivity type of theoptimum temperature to observe the 922-meV luminescence
material can be greatly affected by the formation of suchwas found to be~450 °C for periods of>100 h, although
complexes, and the details of their structure and formatiomeasonable samples could be obtained by annealing at 550 °C
conditions are of considerable importance. A great deal ofor ~10 h, in confirmation of the results of Drakeford and
research has been done on the behavior of Al in silicon, as itightowlers® Samples used in uniaxial stress measurements
is commonly use-type dopant, with concentrations up to were cut into rectangular parallelepipe@gth approximate
10'%atoms/cm. Al-related complexes, in particular their re- dimensions 183X 1.5mn?), with the sample long axis
lationship to thermal donor formation, have been extensivelyarallel to the crystal axe®01), (111), and(110. Data for
studied using a number of techniqdes.In addition, the the (110 stress direction were taken with the collection op-
creation, behavior, and complexing of native defects in sili-tical axis parallel to th€001) crystal axis.
con such as interstitials and vacancies has also been an activeThe luminescence was excited using either the 514-nm
research topic for a great many years, and an enormous vdine of an argon-ion laser, or the 800-nm line of an IE Op-
ume of literature exists on these defects and their complexingpmech model DM laser diode, and the excitation power was
behavior, and a good overview of such topics, was given irtypically ~150 mW (unfocusedl on the sample face. The
the review by Watkins. The work presented here is a con-data were recorded using a Bomem DA8 Fourier transform
tinuation of work begun by Drakeford and Lightowlgmn a  infrared spectrometer, coupled to a 4 Nooled germanium
defect with zero-phonon linéZPL) energy at 922 meV ob- detector(North Coast model EO-817 ED2A closed-cycle
served in Al-doped, C-rich CzochralsCZ)-grown silicon.  Janis CCS-500 cryostat was used for exploratory work where
These authors reported the production conditions, ZPL enetemperatures of-15 K were sufficient, while an Oxford In-
gies, and vibrational band shape, and suggested a possildtuments CF1204 helium flow cryostat was used for mea-
formation mechanism for the defect. We have extended thesurements down to 4.2 K. Zeeman measurements were made
investigations to include an examination of the temperatur@n an Oxford Instruments SMD6 superconducting magnet,
dependence of the photoluminescefiek) spectrum, its be- up to a maximum field of 7 T. The Zeeman measurements
havior under both uniaxial stress and magnetic-field perturwere made in the Voight configuration, with a magnetic field
bations, and some preliminary comments about the defegqterpendicular to the direction of the PL emission. The appa-
chemical identity and creation process suggested by Drakeatus used for the uniaxial stress measurements is described
ford and Lightowlers. elsewheré.

Il EXPERIMENTAL DETAILS ll. RESULTS AND DISCUSSION

We used standard grade CZ silicon with Al concentrations A. PL spectrum

in the range 1¥-10"cm 2 as a starting material. The in-  In Fig. 1 below, we show a spectrum at 30 K of a CZ-
tensity of the 922-meV PL signal was not dependent solehgrown Si:Al sample (with aluminum concentration

0163-1829/99/5@.5)/100847)/$15.00 PRB 59 10 084 ©1999 The American Physical Society



PRB 59 PHOTOLUMINESCENCE SPECTROSCOPY OF AN Al- .. 10 085

92229 meV
/

925.6 meV 927 meV
AN

/

919 91 923 925 927 929

PL Intensity (arb. units)

L

750 1000 1250

Photon Energy (meV)

FIG. 1. Si:Al spectrum at 30 K, showing ZPL detail.

~10'cm3) annealed at 450 °C for 408 h, and in the insetsity. The fit to this equation is shown in the inset of Fig. 2.
the ZPL region of the 922-meV defect. The ZPL is located afehavior of this sort is seen for many defects in silicdh,
922.295) meV, close to the water vapor absorption band atvith similar deactivation energies in the range 12-16 meV,
~919 meV. The form of the phonon sideband was publishe@lose to the value of the free-exciton binding energy-dfs
by Drakeford and Lightowler%and we have not studied this meV? This indicates that the defect-excited state is formed
sideband further. We have indicated two other lines in thédy the capture of a free exciton rather than by capture of free
inset of Fig. 1. The line marked 925.6 meV is seen in mucharticles. Hence the loss in defect luminescence with increas-
of the CZ Si:Al samples we have studied, but it does notng temperature is due to a dissociation of the free exciton
thermalize with the 922-meV line, and survives at temperabefore it can bind to the defect core.
tures where the 922-meV system is completely quenched,
and thus we feel t_hat it is unrelated to the 922-meV “r,]e' A B. Uniaxial stress and magnetic-field effects on PL spectrum
C-related defect with ZPL at 925.6 meV has been previously ] ]

In Fig. 3 we show the behavior of the 922-meV ZPL

reported’® and we feel that this is a likely candidate for the > W ne.
925.6-meV line we see. A weak feature-a®27 meV is also  under application of uniaxial stress along the three crystal

observed, whose intensity grows with increasing tempera@xes (00D, (111, and (110. The experiments were per-
ture, and we believe this to be a weak transition from arfformed at 4.2 K to minimize line broadening due to thermal

excited state of the 922-meV center. Our thermalization datgffects. As is commonly the case with PL measurements, we
on this feature, while showing reasonable linearity on arf'ave not obtained particularly good quality polarization data

Arrhenius p|0t with activation energy close to the Spectra'for any stress direction, and it is believed that this is due to
line separation, are too poor to definitely confirm this assign-

ment. The broad features at higher energies are due to bound Activation Energy E, = 15.8 meV
exciton luminescence broadened by intercenter interactions. z . * - Effective band density = 3.9
The lines in the region 1100-1150 meV are due to lumines- Si:Al £ .
cence from a range of acceptor-related defects unrelated to 2
the 922-meV system. .
The behavior of the PL spectrum in the range 917-935 x2 a2k | sial
meV is shown in Fig. 2, for a number of temperatures from & [x1 10k
4.2 to 50 K. The overall intensity of the 922-meV ZPL grows E X1 15K |o22mev 0 20 40 60
first, reaching a maximum at15 K, and then decreases with & Temperature (K)
increasing temperature, and this temperature-dependent in-£ = 20k | £927 meV
tensity decay is well described by an equation of the form £ |*2 3M
= x30 40K A J\»925.6 meV
1(T)= 1) =T (1) O SK ANA o
1

1+ GT3/2 eX% o ﬁ') 0 Photon Egjesrgy (meV)930

with a deactivation energf;=15.8(=1) meV, whereG is FIG. 2. PL spectra as a function of temperature of the 922-meV

the effective band density of states relative to the defect derPL system, with a fit to Eq(1).
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= 79 MPa
- No strong evidence of interaction effects was seen for any
920 o2 924 stress direction, but the range of the stress apparatus used
Photon Energy (meV) (<~_120 MPa did not permit a more detaﬂgd analysis. In
particular, up to 120 MPa, there was no evidence of an in-
_ teraction between the 922- and 927-meV ZPL'’s. The best-fit
) <110> Stress 0 MPa . . g .
= lines to a monoclinid model are shown in Fig. 4, superim-

' ;’ posed on the data points, and the fit is seen to be quite good
8 39 MPa in all directions. The fit parameters and measured and pre-
z dicted energy shift rates are listed in Table I. If we assume
g A that the observed spectral lines are due to electric dipole
= 79 MPa transitions, as is the case for the vast majority of defects in
= silicon!® the relative intensity ratios of the stress-split com-

ol 0 o o ponents can be easily calculatéd? For defects with low
Photon Energy (meV) symmetry in silicon such as triclinic and monoclinichow-

ever, the dipole orientation is not fully established by the
FIG. 3. Behavior of the 922-meV ZPL as a function of uniaxial Symmetry of the defeéﬂ’lz!n_ particular, for the case of an

stress along the principal crystal direction®01) (top), (111)  A-A transition at a monoclinit(Cy,) center, the dipole can

(middle), and(110 (bottom). be oriented in any direction in the reflection plane, which

Kaplyanskii referred to as a plane oscillatér* If we com-
the multiple reflections suffered by PL as it exits the sample.pare the m?asufe‘j line intensities W'th those predlcte_d_for an
Attempts to remedy this by the use of suitable masking of théA"A transition(dipole along tha112) axis) for a monoclinic
P y y 9 centel listed in Table I, we can see that good agreement is
sample edges has proved unsuccessful, and further work

ded to add his | A larization d btai und between theory and experiment for all stress direc-
heeded to address t IS I1SSue. Any polarization ata obtain ns. Thus we feel that the 922-meV center involveg\aA
were used only as a final check on the consistency of th

' ) _ Nfansition at a site of monoclini¢ symmetry, with dipole
conclusions drawn from shift rate equations and absolute ingiantation along thé112 axis.

tensity ratios. The ZPL splits into two components under one rather unusual point is that und@do stress, only

(00D stress, into three undgt1l) stress, and into three un- tpree components are seen. It is sometimes the cag1or

der (110 stress. Line splittings of 2 for th@01) axis, and  stress that certain orientations of the center should be invis-

three for the(111) axis in silicon can be accounted for either jphle when viewed along th@01) axis (for example, a mono-

by a center with monoclinit symmetry(point groupCs,),  clinic | center with the dipole parallel to tH&10) axist¥), but

or by anA—E transition at a state with trigonal symmetry we think that this is not the case for the 922-meV defect. The

(point groupCs,), both of which require four parameters to two highest energy predicted components are close.3-

fully describe the line splitting&* meV separation at 60 MPaompared to the linewidths of
The basic equations describing the shift rates of energyhe other components>0.3 meV at 60 MPg and we be-

levels in a cubic crystal under uniaxial stress were derived byieve that the single highest-energy component we see is ac-

Kaplyanskiit? and the symmetry-reduced parameter setgually composed of two overlapping components. Finally we

needed to fit the observed splittings are listed there. Attemptrote that our tentative polarization data are in agreement

ing a self-consistent fit of the shift rates of the five lines seerwith these conclusions.

under(001) and(111) stresses using these parameters, it was Zeeman measurements in magnetic fieldsaf T on a

observed that only a monoclinicsymmetry gave a consis- (001-oriented samplérotated in the(110) plane have not

tent fit to these directionand continued to give a consistent revealed any shift or splitting of the 922-meV ZPL to a first-

fit when extended to th&l10 line splittings. order approximation. Specifically, no splittings correspond-
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TABLE I. Shift rates and line intensity ratios for the monoclinicA— A transition model for the
922-meV center ZPL.

Expression for shift Best-fit shift Measured Predicted Measured
rate rate shift rate intensity intensity
(meV/GPa (meV/GPa ratios ratios
(001 stress direction
A 12 12.6 1 1
A, -12 -11.1 3 2.6

(112 stress direction

(AL +2A,—2A5—4A,) 4 0.78 5 3.2
(AL +2A,—2A5+4A,) 18 17.5 5 4.8
(AL +2A,+2A,) -19 -19.1 6 6

(110 stress directiorfdipole along(112)

2(AL+A—2A,) ~5.25 —3.47 2 1.8
S(AL+A+2A,) 10.5 6.66 2 2
(A= Ag) 5.25 6.66 2 2
(A +Ag) -34.5 -39.4 2 2

ing to standard half-integer or integer angular momentungular dependence, is strongly indicative that the orbital an-
have been observed. Singlet behavior of this nature is congular momentum of the hole is not fully quenched, introduc-
mon in many defects in silicon, and has been observed for mg anisotropy into the magnetic-field behavior of the
number of low-symmetry defectsnonoclinicl and rhombic  defect!’ The signals from the 922-meV defect during the
1) involving Cd, Zn, and Bé>*>'®in addition to common  zeeman experiment were quite poor, and it was not possible
defects such as the 969-me\G" line.® Such behavior can g obtain data of sufficient quality to determine the details of
in many cases be well described by an independent-particie magnetic behavior. In particular, it was not possible to
model for an isoelectronic bound exciton complex, where thg,se the anisotropic magnetic behavior as an independent
hole is the tightly bound particle, and consequently has it_%heck of the center symmetry.

orbital momentum strongly quenched to leave a predomi- £ 5 ¢ uniaxial stress and Zeeman results, we feel con-

ightly bound hole and effective-mass-like electron, at a site
of monoclinic | symmetry in the crystal. The anisotropic
in Fig. 5). Hence the ZPL remains unaffected by the mag_magnetic-field behavior of the ZPL suggests that the angular
netic field in this model. momentum of the hole is not completely quenched, with
A higher resolution study of the behavior of the 922-mev SOMe or.bit'al char{:\cter admixed into the wave function by the
ZPL, however, reveals fine structure in the ZPL, and that thiSPin-orbit interaction.
structure is strongly dependent on the orientation of the
sample in the fieldas the(001) sample is rotated in @.10)-

magnetic field, the electron and hole spin doublets split, bu
only transitions withAS=0 are allowedtransitionsa andb

type plane, the magnetic-field direction with respect to the % efidalng<lio)
sample changes frog®01) through(111) directions, and fi-
nally to a¢110 direction. This behavior is shown in Fig. 6 70°

for a field of ~7 T. Such a structure, and especially its an-

55° (B field along <111>)

Magnetic Field B=0 Magnetic Field B=0-

PL Intensity (arb. units)

Electron State S, = 1/2 " —

P —  Allowed
d 0° (B field along <001>)
ZPL c! i al b

“““ Forbidden

921 922 923 924

Photon Energy (meV)

Hole State S, = 1/2 v A
FIG. 6. Fine structure of the 922-meV ZPL as (@1 sample

FIG. 5. Independent-particle model for singlet magnetic behavis rotated through 90° with respect to the magnetic field in(11€)
ior of the 922-meV ZPL. plane.
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TABLE II. Details of stress shift rates of 922- and 885-meV TABLE Illl. Details of some C-modified defects observed in Si.
centers.

Atomic  Complex C-modified

Stress shift rates species without C  complex Change in ZPL Reference
(meV/GPa 922-meV defect 885-meV defect
Be 1076 meV 1117 meV 41 meV 20, 21
(001 12.6 11.9 Li 1044 meV 1082 meV 38 meV 19
-11.1 —-13 Al 886 meV 922 meV 36 meV 5,18
(111 17.5 16
0.78 0
-19.1 -17.3 larities have been observed before for a number of com-
(110 6.66 7.9 plexes in siliconsuch as Li and Bé&Refs. 19-2]], and are
—3.47 -6 interpreted in terms of a modification of the bare complex by
—394 —40 the addition of a nearest-neighbor C atom, resulting in an

increase in the ZPL energy of the C-modified defect-@f0
meV (see Table Il). The fractional increase in ZPL energy
of the 922-meV defect with respect to the 885-meV defect
follows this trend very closely, and thus we feel quite confi-
dent that the 922-meV center is a C-modified version of the

In a study of bound exciton luminescence at Al-related885-meV center, composed of anAdl; pair with a nearest-
defects in electron-irradiated floating zone refiried) sili-  neighbor G atom, and this is in agreement with the original
con, Irion et al*® reported a ZPL at 885 meV which they prediction of Drakeford and Lightowlefswhich is discussed
attributed, on the basis of annealing experiments and electranore fully in Sec. Il1 D below. A possible atomic model for
paramagnetic resonance measurements, to gAlAlpair.  such a system, which has the appropriate symmetry, is
Uniaxial stress measurements indicate that the defect hasshown in Fig. 7.
monoclinicl symmetry, and Zeeman measurements indicate The addition ®a C atom to all the above centers is seen
that the ZPL is a magnetic singlet, corresponding to the reto have the effect of increasing the ZPL line energy. Both the
combination of a spinlike electron with a spinlike hole which 922- and 885-meV centers display a pseudodonor type of
has a slight anisotropy in itg factor. The most interesting structure, but in the absence of data on the excited-state
aspect of this defect from the point of view of this paper isstructure of both systems we are unable to comment on the
the striking similarity of the behavior of the two ZPL'’s under detailed effects of the carbon modification on the electron
both uniaxial and Zeeman perturbations. For stress€80  and hole electronic structures. We can, however, say that the
MPa, the behaviors of the 922- and 885-meV defects areffects on the ZPL of the nearest neighbor C are not due
virtually identical. They show identical fan diagrams, and asimply to the strain effects of the C atom, because the dipole
fit of the data to a monoclinit model gives virtually iden- moment of the transition is changed by the C modification
tical stress parameters. Iricet al!® constrained their fit to  (as noted aboyewhich cannot be explained simply in terms
have only three lines under t&10 axis, and so their pub- of a strain effect on the 885-meV center.
lished parameters differ from ours. However, if their data are
used with the same unconstrained fit we used on our data,
almost identical best-fit parameters are found. These data are
summarized in Table II, where we list the line-shift rates of A tentative model for the creation of the 922-meV defect
both centers under uniaxial stress. The shift rates for th#/as given by Drakeford and Lightowletsased on the cir-
centers are seen to be almost identical, and any differencésimstantial evidence associated with the relatively long an-
can be related to the difficulties in precisely determining thenealing times at 450—550 °C. Such annealing times and tem-
shift rates of the 885-meV center from the published figtire. Peratures are characteristic of the movement and aggregation
The only difference between the two is that the dipole of the
885-meV transition is oriented differently from that of the @ 885 meV Formation (b} 922 meV Formation
922-meV line, revealed by the differing line intensities of the
stress-split components in the two defect systems. These a
thors also saw some evidence from temperature dependen
data for the presence of an excited stat@ meV above the
885-meV ZPL, and this is also seen in their high stress
(>150 MPa spectra. Finally, the Zeeman behaviors of both
defects are virtually identical, showing magnetic singlet be-
havior and anisotropy in thg factor of the spinlike hole,
although the more detailed Zeeman measurements on tf
885-meV ZPL reveal evidence of a dynamic Jahn-Teller ef-
fect. Our Zeeman data on the 922-meV line has not beel
sufficiently well resolved to see such an effgéit exists for
th|S Cente)'. Silicon atom . Carbon atom ‘ Aluminium atom

The striking similarities in the behavior of the two defects
argues strongly for a relationship between them. Such simi- FIG. 7. Possible atomic models for 922- and 885-meV defects.

C. Relationship between the 922-meV center and 885-meV
center seen in FZ silicon

D. Production mechanism of the 922-meV center

Reflection Plane
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quently captured to release C interstitials. These C
interstitials may then be captured by the 885-meV defect to
FZSEAL electron-irradiated + form the 922-meV system. Figure 8 shows a spectrum of

300°C anneal + both CZ Si:Al annealed at 450 °C for 400 h, and a FZ sample

electron irradiated +
100°C anneal

which has received this double irradiation treatment followed
by an anneal at 100 °C for 30 min. A weak line at 922)2
meV is seen in this sample, coincident with the Al-C 922-
meV defect. This line is not seen in any samples which have
not received the double-electron irradiation treatment. The
CZ Si:Al 450°C anneal signal levels associated with this line are too weak to allow
us to identify it with complete certainty as the 922-meV
Al-C defect, but we are nonetheless quite confident in this
identification. Our future experiments will utilize samples
with higher electron irradiation doses to enhance this signal,
which will hopefully allow us to observe the 927-meV line,
915 920 925 930 which we believe is due to an excited-state transition of the
922-meV Al-C system, and hence to identify this feature
conclusively. Nonetheless, this result provides strong evi-

FIG. 8. Comparison of double-electron-irradiated FZ Si:Al with dence in favor of the production mechanism proposed by
CZ Si-Al Drakeford and Lightowlers.

PL Intensity (arb. units)

Photon Energy (meV)

of oxygen in CZ silicon. The model put forward by these IV. SUMMARY

Workgrs is as .fOHOWS' As oxygen aggrggates are formgd in We have presented temperature dependence, uniaxial
the silicon during the anneal, the associated strain is relievegass and Zeeman data on the 922-meV defect observed in
by the release of silicon self-interstitials. These self-~ Si;AI by Drakeford and Lightowlers. These measure-
interstitials are then captured to release both substitutional {ants have enabled us to observe a thermalizing excited
and Al into mobile interstitial sites, which are free to form state~5 meV above the main ZPL. and also to show that the
complexes. : . . 922-meV transition is due to the recombination of a pseudo-
~We have attempted to investigate th_e pro_ductlon meChadonor-type bound exciton at a site of monoclihisymmetry

nism of Drakeford and Lightowlefsoutiined in the para- e crystal. Furthermore, we observe that the orbital angu-
graph above, and to establish more definitely the link withr i omentum of the hole is incompletely quenched, result-
the 885-meV center. Specifically, it appears that there is N\, in an anisotropic fine structure in the Zeeman spectra.
reason why th? 922-meV dgfect cannot be created in OXY@EM=omparison of these data with data on an Al pair defect with
lean FZ material, although it has never been observed in thi§ 7p| 4t~885 meV observed by Irioat al. reveals striking
material, as the role of the oxygen in CZ material is simplyg;ijarities between the two systems, leading us to assign the
to provide a source of self-interstitials during the anneal. Wey55_ev defect as a C-modified version of the 885-meV
have electron irradiated various samples of FZ-grown mategysiem Finally we have shown the possibility of producing
rial with Al concentrations in the regloglcgf i‘i}:sm ,and C  the 922-meV system in FZ material by electron irradiation
concentrations in the range (0.7-23)0"cm “in orderto  anq annealing treatments, and this provides strong positive

produce self-interstitials in the material, and to continue theevidence for the production mechanism proposed by Drake-
production of the 922-meV defect from that point. In all ¢5.4 and Lightowlers.

cas(e)zls7 the irzradiation energy was 2 MeV, at a dose of 2

X 10 ‘e/lcm™~.
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