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Deep-level transient spectroscopy~DLTS!, photoluminescence~PL!, and transmission electron
microscopy~TEM! measurements have been made onn-type silicon after implanting with 5.6 MeV
Si31 ions using doses of 109– 1014 cm22 and anneals at 525 and 750 °C. In all the samples, there
is only a small dependence of the widths and energies of the PL zero-phonon lines on implantation
dose, allowing the high resolution of PL to be exploited. In samples annealed at 525 °C, the PL
intensity can provide a measure of the concentration of defects over the implantation range,
109– 1012 cm22. Carbon-hydrogen complexes are identified as transient species with increasing
dose, and the ‘‘T’’ center is related to a DLTS trap 0.20 eV below the conduction band energyEc .
At the highest doses in these samples, TEM imaging shows the presence of nanometer-sized
clusters, and the PL spectra show that many previously unreported defects exist in the implanted
zone, in addition to two broad bands centered on;885 and;930 MeV. The multiplicity of defects
supports recent suggestions that a range of interstitial complexes is present in the annealed samples.
Annealing at 750 °C produces complete recovery in both the DLTS and PL spectra for doses of less
than 1013 cm22. At higher doses,$113% self-interstitial aggregates are observed in TEM, along with
the ‘‘903’’ PL signal associated with the$113% defects, and theEc20.33 eV ‘‘KA’’ DLTS trap.
These data support the recent identification of that trap with the$113% defects. The well-resolved PL
spectra show that many previously reported defects also exist in samples implanted with a dose of
1014 cm22 and annealed at 750 °C, again implying the presence of a range of interstitial complexes.
© 2000 American Institute of Physics.@S0021-8979~00!00218-8#

I. INTRODUCTION

Ion implantation is a crucially important tool in the
manufacture of silicon semiconductor devices as a result of
its ability to introduce controlled quantities of dopants with
high spatial precision. In addition to introducing the dopant,
the implantation process produces radiation damage defects,
and necessarily introduces one extra atom per dopant atom
into the crystal. During implants at room temperature, the
generated vacancies and self-interstitials are highly mobile,
and in addition to recombining and clustering, they may cre-
ate a large variety of defects through complexing with
impurities.1 Annealing the damage then becomes an impor-
tant part of the implantation strategy; the annealing proce-
dures used must heal the silicon while avoiding thermal- and
transient-enhanced diffusion. Simulation software used to
predict the properties of implanted and annealed silicon re-

quires an accurate understanding of the distribution of the
implanted dopant species, which can be obtained, e.g., from
secondary ion mass spectrometry measurements. However, it
is also necessary to identify the chemistry and molecular
structure of the defects that exist at each stage.2

Recently, a widely used defect characterization tech-
nique has been deep level transient spectroscopy~DLTS!.
For example, after annealing above 400 °C many defect lev-
els have been detected by DLTS inn-type silicon following
implantations using doses as low as 13108 cm22 and up to
531013 cm22.3 These defects were tentatively considered to
be of interstitial nature, partially based on the fact that they
have previously been observed following implantations with
many different ions ~protons,4,5 alpha particles,5

germanium,6,7 and SiH118!. DLTS has also identified the
threshold dose for creating$113% self-interstitial aggregates
at ;431013 cm22 Si ions in the MeV range.9,10 In contrast,
with very few exceptions,11,12 photoluminescence~PL! has
not recently been applied to ion-implanted samples even
though there have been significant advances in the identifi-
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cation of PL centers. In this article we report on the PL from
ion-implanted silicon, comparing the results with DLTS and
transmission electron microscopy~TEM! measurements on
similarly prepared samples.

In implantation studies there are many possible choices
for the starting material, the species, energy and dose of the
implant, and the annealing regimes. In this work we have
implanted n-type Czochralski~Cz! silicon with 5.6 MeV
Si31 ions over the dose range of from 109 to 1014 cm22.
Silicon ions have been implanted in order to limit the
radiation-activated chemistry, by not introducing impurities.
The energy of the implant results in an initial damage depth
profile that peaks;3.5 mm into the crystal, allowing the
DLTS and PL measurements to be made in the implanted
region~see Sec. II!. We show in Sec. III A that there is only
a small increase with dose of the widths of the PL lines, and
negligible change in their energy, so that the lines can be
used to characterize defects throughout the dose range. In
Sec. III A we also show that the intensity of each PL line can
be an approximate measure of the concentration of the re-
lated center up to doses of 1012 cm22. Two annealing tem-
peratures have been used, 525 and 750 °C. A half hour at
either temperature is sufficient to anneal the products of
room-temperature damage at low doses.1 In the samples used
here, these unannealed products are created by the interac-
tions of a vacancy with an oxygen atom to create theA
center, with a phosphorus atom to give theE center, or with
another vacancy to create a divacancy, while a self-
interstitial may react with carbon or boron to produce mobile
interstitial species. These defects are destroyed by 30 min
anneals at 525 °C.1 The higher anneal temperature of 750 °C
is expected to remove centers seen by DLTS according to
Benton et al.;13 however, the same workers report a dose
dependence in the thermal stability of the defects, and we
will show that many previously unreported PL species con-
tinue to exist in our high-anneal implanted samples~see Sec.
III B !. This result is consistent with the conclusion from the
modeling of defect clusters carried out recently by Cowern
et al.;14 namely, a range of ion-implantation clusters may
persist after prolonged annealing. Annealing at the lower
temperature~525 °C! will be shown to generate a large num-
ber of well-resolved PL lines~see Sec. III C!. Two will be
identified as carbon-hydrogen complexes, one of which will
be firmly related to a DLTS feature. However, the great ma-
jority of the lines have unknown origins, and the high reso-
lution spectra available here show that they cannot be related
to simple point defects whose spectra are known from
electron-radiation studies. We also show in Sec. III C that
transmission electron microscopy establishes that nanometer-
sized clusters can be created in samples annealed as low as
525 °C, in contrast to the literature.12,13

We begin by outlining the experimental techniques.

II. EXPERIMENTAL ASPECTS

Samples ofn-type ^100& Cz silicon of resistivity 6–8
V cm (;5 – 831014 phosphorus cm23) were implanted with
5.6 MeV 28Si31 ions at room temperature with doses of 109

to 1014 cm22 using the 1.7 MV NEC Tandem accelerator at

the Australian National University. The maximum in the
depth distribution of the incoming particles is expected at
;3.5 mm from the surface according to the stopping and
range of ions in matter~SRIM!15 ~version 2000.38!, and this
depth was confirmed by TEM~see Secs. III B and III C!.
Before implantation, infrared absorption measurements es-
tablished the concentrations of oxygen and carbon as;6
31017 cm23 and,1016 cm23, respectively. Photolumines-
cence measurements allow all shallow dopants to be identi-
fied. Apart from phosphorus, the only other shallow center
detectable before implantation was boron, at a concentration
~determined using the method outlined forP in Sec. III B! of
@B#;531012 cm23.

The implanted samples were annealed for 30 min at 525
or 750 °C in a tubular oven under constant argon flow. Iden-
tically treated samples were used for the photoluminescence
studies and for the transmission electron microscopy studies
or were prepared for DLTS measurements by a standard
cleaning process ending in rinsing in diluted HF, and depos-
iting gold Schottky contacts by thermal evaporation at a base
pressure of 231026 Torr at nominal room temperature.

The DLTS system consisted of a 1 MHz capacitance
bridge, a 50 MHz pulse generator, and a liquid nitrogen bath
into which a Semilab sample holder is placed.16 The setup,
which correlates the DLTS signal with a lock-in weighting
function, is able to collect nine rate windows simultaneously,
which are used to determine the trap signatures via an
Arrhenius plot. During a temperature scan from 77 to 300 K,
eight rate windows from~20 ms!21 to ~2.56 s!21 were simul-
taneously recorded. The steady state reverse bias for all mea-
surements was chosen to be210 V, while the filling pulse
was 10 V. In this way the whole damage profile was covered,
except for the zero bias depletion width, and the DLTS spec-
tra approximate to a mean defect distribution through the
implanted layer. The width of the filling pulse was chosen to
be 10 ms to ensure that all traps, including those with small
capture cross sections, were completely saturated. The levels
will be labeled by their peak temperatures so that, e.g., a
defect with an observed maximum at 210 K is the
‘‘ E(210)’’ center.

Photoluminescence measurements were made using a
Nicolet 60SX Fourier transform spectrometer fitted with a
Ge diode detector for the spectral range 740–1180 meV and
an InSb detector to extend the range down to 450 meV. PL
centers will be labeled here by the energy of the zero-phonon
line or of other very sharp structure. Samples were immersed
in liquid helium for measurements at 4.2 K or were in a flow
of helium gas for higher temperatures. Excitation was by a
514 nm argon laser operated at a constant power of about
400 mW. It will be shown in Sec. III A that the excitation is
expected to be confined in the first few micrometers of the
crystals. Both the DLTS and PL spectra are therefore sam-
pling similar depths and are matched to the depth of the
implant.

Cross-section TEM samples along@011# were prepared
by mechanical thinning down to 10mm followed by ion-
beam milling using Ar ions at energies below 3.5 keV and
incident angles below 12°. Electron micrographs were ob-
tained at 200 kV in a Philips CM200-UT-FEG which has a

2310 J. Appl. Phys., Vol. 88, No. 5, 1 September 2000 Schmidt et al.
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point resolution of 0.187 nm. High-resolution images were
taken near Scherzer focus under 9-beam conditions along the
@011# zone axis orientation.

III. RESULTS AND DISCUSSION

A. Overview of the photoluminescence spectra

DLTS is well established as a defect probe of implanted
silicon, but since PL has been little used it is important to
establish the value and limits of the technique.~A general
review of the use of PL in studying point defects in silicon is
given in Ref. 17.! For PL to be successfully applied to ion-
implanted material, the PL from point defects in the im-
planted region must be recognizable. As a measure of the
degradation of the PL signals caused by the damage, we note
that point defects in crystalline silicon typically produce PL
bands whose zero-phonon lines have full widths at half
height of W;0.1– 0.2 meV when measured at 4.2 K. The
intrinsic resolution of the technique is therefore high, since
W is about four orders of magnitude smaller than the energy
gap of silicon. We will discuss the measured spectra in detail
below, but we note that all of the samples annealed at 525 °C
show the ‘‘I3’’ zero-phonon line at 1039 meV, produced by
a radiation-damage defect~see Fig. 1!. Figure 2 shows that
the full width at half height of the I3 line increases from the
value expected in Czochralski silicon,;0.2 meV, but only
by a factor of about 2 at the highest dose used here. The

width of a zero-phonon line monitors the variation in strain
over the ensemble of centers in the silicon, and the width is
expected to increase in proportion to the concentration of the
point defects, as is observed in electron-irradiated silicon
~e.g., Fig. 81 of Ref. 17!. Clearly, although the random
strains are increasing, the line remains sufficiently sharp to
be identifiable. The sublinear growth in width with dose is
qualitatively consistent with the broadening being caused by
the strain fields of defect aggregations in the more implanted
samples.18

No other defect-induced zero-phonon line in the samples
can be followed through a complete set of samples in this
way, but all the zero-phonon lines are sufficiently sharp in all
the samples that there is no difficulty in identifying them.
~The only exceptions are broader features that are related to
self-interstitial aggregates, as discussed in Sec. III B.! The
peak energy of each line is also invariant to within60.03
meV in all the samples where it was observed. Thus, there is
no significant degradation of the PL spectra by the implan-
tation in the dose range used here.

The location of the sources of the PL cannot be deter-
mined directly from these data. The primary excitation of
silicon using 514 nm Ar1 laser light occurs with an expo-
nential decay distance of 1mm, and so is within the implan-
tation depth of 3.5mm. The electrons and holes, or excitons,
created by the light diffuse through the crystal for a distance
which critically depends on the impurity content. Photolumi-
nescence has been detected over 100mm from the excitation
point in pure silicon,19 decreasing to;1 mm in epitaxial
silicon with ;1016 cm23 dopant content.20 In the present

FIG. 1. An overview of the PL spectra at 4.2 K from samples implanted
with doses from 109 cm22 ~labeled ‘‘9,’’ bottom spectrum! to 1014 cm22

~labeled ‘‘14,’’ top spectrum! and annealed for 30 min at 525 °C. The
strengths of representative sharp-line features are given in Fig. 3. PL at
energies greater than 1030 meV in the 109 cm22 spectrum~and replicated
in the others! is produced by phosphorus, boron, free excitons and the
electron-hole plasma and is not of fundamental interest here. For clarity the
spectra are displaced vertically; the zero level is shown by the high energy
end of each spectrum.

FIG. 2. The widths of the I3 zero-phonon line at 1039 meV, measured at 4.2
K, in samples implanted with doses from 109 to 1014 cm22 and annealed for
30 min at 525 °C. The line represents an increase in width proportional to
the square root of the implantation dose in addition to a zero-dose width of
0.18 meV.

2311J. Appl. Phys., Vol. 88, No. 5, 1 September 2000 Schmidt et al.
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samples, it is likely that the implant zone, extending;3.5
mm below the surface, will act as a trap, limiting diffusion of
the excitons deeper into the silicon. Since damage centers
can be seen in all the samples annealed at 525 °C and in the
heavily implanted samples annealed at 750 °C, at least a sub-
stantial amount of the PL originates from the implanted re-
gion and the PL is monitoring the region of interest in the
samples.

For the DLTS data, we expect that when the concentra-
tion of a center is lower than about 20% of the background
doping, the concentration of a center will very approximately
be given by 2@P#DC/C, where DC/C is the fractional
change in capacitance and@P# is the concentration of phos-
phorus donors. In contrast, PL is not usually a quantitative
technique, and one must be cautious in comparing data from
samples that have different implantation doses; different
samples may have different amounts of nonradiative traps
and of luminescence traps that are competing for the excita-
tion energy. An estimate of the effects of these other energy
channels can be made by again using the PL from the I3
center, with zero-phonon line at 1039.6 meV. All previous
work suggests that the I3 center does not involve any impu-
rity in the silicon. The center is easily generated by radiation
damage from fast neutrons followed by annealing at
;400 °C, when its strengtha in absorption is slightly sub-
linear in the neutron dosed, a;d0.8.21 A very similar expo-
nent of 0.7 has recently been measured using positron anni-
hilation spectroscopy for the vacancy concentration in
implanted Si.22 From Fig. 3 we see that the strengths of the
I3 PL line increases with dosed ass;d0.7 up to 1012 cm22,

after which the PL strength declines at 1014 cm22. Then,
other very strong PL bands appear~see Fig. 1! that compete
with the I3 centers for the available excitation energy. These
data demonstrate that up to 1012 cm22 the PL strength from
a deep center like I3 is closely proportional to its concentra-
tion in this sample batch. Over the same dose range, the
measured donor and acceptor concentrations are also con-
stant. Consequently, we can interpret the PL strengths of all
the lines in the samples implanted at 109– 1012 cm22 as be-
ing proportional to their concentration@C#, s;c@C#, al-
though the constantc will be different for each center. The
highly nonlinear behavior at low doses of some lines, such as
‘‘ M’’ and ‘‘ T ’’ in Fig. 3, will be linked in Sec. III C to their
containing a minority impurity, carbon. In contrast, lines that
increase linearly with dose into the higher dose range~e.g.,
the 956.5 and 1101.2 meV lines of unknown origin! may be
assumed to involve either no impurities or the major impu-
rity in these samples, oxygen.

In this section we have seen that the luminescence is not
degraded in spectral quality in any of the samples, and only
in the samples annealed at the highest doses does the PL
intensity measured in these experiments deviate from being
an approximate measure of the concentration of each center.
With this information we look next in detail at the DLTS and
PL spectra of the annealed samples.

B. Samples annealed at 750 °C

Annealing for 30 min at 750 °C is expected to destroy
the simple radiation damage complexes, and the excess self-
interstitials are able to diffuse either to the surface or into the
bulk of the sample,23 up to doses at which amorphization
occurs. Consistent with this, for annealed samples with rela-
tively low doses of up to 1012 cm22, no DLTS defect levels
were detectable, and the PL spectra were indistinguishable
from untreated silicon. Only for doses of 1013 and
1014 cm22 do the DLTS and PL spectra begin to change. In
this high dose regime, the DLTS signalsE(110), E(130),
andE(250) grow~Fig. 4!, and closely resemble the spectra
recently observed after proton and alpha-particle implanta-

FIG. 3. Measured intensities~areas! of PL from representative sharp fea-
tures ~zero-phonon lines! in samples implanted with doses from 109 to
1014 cm22 and annealed for 30 min at 525 °C. Datum points are shown,
respectively, by squares and circles for the M and T lines, by triangles for
the I3 line, and by diamonds and crosses for the 956.5 and 1101.2 meV
lines. Note that both scales are logarithmic.

FIG. 4. DLTS spectra of the samples implanted with doses of 1013 and
1014 cm22 following a 30 min anneal at 750 °C. The reverse bias was210
V; the filling pulse was 10 V; and the rate window was~640 ms!21. For
lower doses no defect levels were detected in the DLTS spectra. The defect
level E(250) is strongest in the 1014 cm22 spectrum.

2312 J. Appl. Phys., Vol. 88, No. 5, 1 September 2000 Schmidt et al.
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tion and annealing at 600 °C.5 The clearly definedE(130)
and E(250) traps have energies ofEc20.33 eV, in agree-
ment with Ref. 5, andEc20.56 eV, respectively~Fig. 5!.
These data are quantitatively different from the data of Ben-
ton et al.13 in which annealing at 750 °C destroyed all the
signals; however, those authors noted that several of the de-
fects increased in thermal stability with increasing dose, and
our implants, although at the same dose, involved substan-
tially higher beam energies~5.6 MeV compared to 1.2 MeV
Si ions!. Consequently, the growth in the signal by a factor
of 50 @e.g., forE(130)] between 1013 and 1014 cm22 is not
necessarily a direct measure of enhanced production, but
could indicate increased thermal stability, consistent with
Benton et al.13 The E(130) trap atEc20.33 eV has been
identified5 with the KA acceptor center of Bentonet al. ~at
Ec20.29 eV!, while theE(250) trap atEc20.56 eV appears
to be theKD donor defect of Bentonet al. ~at Ec20.58 eV!.5

The dominant feature, theE(130) peak, has been shown to
decrease with the production rate of vacancies5 consistent
with the proposal that it is an interstitial cluster.13 The
E(110) peak has only recently been reported;5 its origin is
unknown except that its production in both the present
samples and in thep-type epi-Si samples of Ref. 5 suggests
that impurities are not involved.

The PL spectra of all the samples have many features in
common for photon energies greater than;1030 meV.
These transitions, which produce all the PL features in the
1012 cm22 sample as shown in Fig. 6, occur through a vari-
ety of well-known processes involving exciton recomb-
ination.24 Individual excitons or multi-excitons may recom-
bine at the phosphorus donors or boron acceptors, or they
may recombine as free excitons or as an electron-hole
plasma. The concentration of isolated P donors can be mea-
sured from the intensity of the luminescence emitted by the
excitons bound to the donors relative to the free excitons.25

In all the samples annealed at 750 °C, including those im-
planted to 1013 and 1014 cm22, the concentrations of P and
B were invariant by this measure, with random variations of
615% being ascribed to the material. In Fig. 6, the PL for
the high-dose samples shows first, at 1013 cm22, the appear-

ance of sharp lines at 900.0 and 902.4 meV (‘‘A’ ’ and ‘‘ B’’
in Fig. 6!, and then at 1014 cm22 the higher energy compo-
nent B is dominant, together with an asymmetric tail to
higher energy: it is now recognizable as the so-called ‘‘903’’
line. Using heat treatment alone, it has been found that the
903 line is strongly generated when Czochralski silicon is
first heated at;470 °C to form thermal donors and then
heated for a few hours at;650 °C to release self-interstitials
from the donors.26 The 903 line correlates with$113% defects,
which are aggregates of self-interstitials.27 The origin of this
line seems to be a monoclinicI center which probably forms
part of the self-interstitial aggregate.26 In the present work,
we find that in the 1014 cm22 sample, the integrated inten-
sity of the PL from the 903 line decreases by only a factor of
;30 between 4.2 and 240 K~Fig. 7!; this remarkable stabil-
ity is consistent with exciton confinement in the strain field
of an aggregate.

Imaging by transmission electron microscopy for the
1014 cm22 sample shows that$113% rod-shaped defects are
formed, located at a depth of;3 mm below the wafer sur-
face, near the depth of maximum implant deposition~Fig. 8!.
Their rod axes are directed along different^110& directions,
and they have a very uniform width of;5 nm. This value is

FIG. 5. Arrhenius plots of the electron-emission rate for the defect levels
detected in Figs. 4, 9, and 10. The levels with dashed lines are observed
after annealing at 750 °C, while the defects with solid lines are observed
following thermal treatment at 525 °C.

FIG. 6. PL spectra at 4.2 K of samples implanted with 1012– 1014 cm22

~labeled ‘‘12’’–‘‘14’’ ! and annealed at 750 °C. Samples implanted below
1012 cm22 gave spectra indistinguishable from the 1012 cm22 implant. The
features labeled A through G are discussed in the text. PL at energies greater
than 1030 meV in the 1012 cm22 spectrum~and replicated in the others! is
produced by phosphorus, boron, free excitons and the electron-hole plasma.
For clarity the spectra are displaced vertically; the zero level is shown by the
ends of each spectrum.

2313J. Appl. Phys., Vol. 88, No. 5, 1 September 2000 Schmidt et al.
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in agreement with previous data obtained for different im-
plantation and annealing conditions.28,29 Their length varies
between 88 and 270 nm with an average value of~185662!
nm. Assuming that the number of self-interstitialsn~L! con-
densed into a rod-like defect of lengthL is n(L)5swL,
wherew is the width of the defects~taken as 5 nm!, ands
55.531014 cm22 is the area density of silicon atoms in the
$113% defects, the lower bound of the area densityNI of
self-interstitials condensed into the$113% defects is estimated
asNI5(2.361.6)31013 cm22, which is comparable to the
implanted dose.

The occurrence of theA andB close pair lines separated
by 2.4 meV in the PL spectrum of the 1014 cm22 sample is
replicated by other defects in the spectrum. Lines with simi-
lar separations are seen at 960.2 and 962.2 meV, labeled
‘‘ C’’ in Fig. 6. The lines labeled ‘‘D’’ at 999.0 and 997.0
meV persist as a dominant feature at high temperature, see
Fig. 7. Two other closely paired lines are the ‘‘E’’ lines at
934.8 and 932.3 meV, and ‘‘F’’ at 1062.1 and 1060.6 meV.
The two lines in each pair do not occur at the same optical
center, as judged from the temperature dependence of the
lines, and some~the 935 and 1060 meV lines! are detected
without their ‘‘partners’’ in samples annealed at 525 °C. Fi-
nally, one other feature is observed only in the 1014 cm22

sample at 1081 meV~‘‘ G’’ on Fig. 6!, which has a similar
asymmetric shape to the 903 band. None of these features
appears to have been reported in the literature. In none of the
samples was any significant emission detected using the InSb
detector at photon energies between 450 and 750 meV.

We noted in Sec. III A that the widths of the zero-
phonon lines are broadened by only 0.3 meV even at the
highest dose, 1014 cm22. The exceptions are the 903 and
1081 meV features; the former is believed to be caused by
optical sites at self-interstitial aggregates, which are likely to
be found in a range of local perturbations. The PL data for
the 750 °C anneals are all consistent with the identification
of the 903 band as arising from the$113% aggregates;26 this
PL signal can be observed inn-type silicon ~as here! or in
p-type silicon ~as in Ref. 26!. The corresponding dominant
DLTS feature in the heavily implantedn-type samples is the
E(130) level~KA in the notation of Ref. 13!, which Benton
et al.13 have also linked to self-interstitial aggregates; they
have also suggested that the same structure produces the
Ev10.29 eV andEv10.48 eV inp-type silicon.30

C. Samples annealed at 525 °C

The samples annealed at 525 °C show much richer struc-
tures with very few damage features in common with the
750 °C set. The DLTS spectra are shown in Figs. 9 and 10,
and an overview of the development of the PL spectra has
been given in Fig. 1. For clarity, the relative strengths of
some of the sharp line features have been presented in Fig. 3,
where the strength is defined as the intensity of luminescence

FIG. 7. PL spectra at 4.2–240 K of samples implanted with 1014 cm22 and
annealed at 750 °C. The intensities have been multiplied by the factors
shown for each displayed spectrum. Features ‘‘B,’’ ‘‘ E,’’ and ‘‘ G’’ are in
Fig. 6. Note that with increasing temperature the luminescence towards
higher energy is lost first, as the shallower excited states are thermally
ionized; the band starting near 1060 meV at 240 K is free-exciton emission.
For clarity the spectra are displaced vertically; the zero level is shown by the
left end of each spectrum.

FIG. 8. Transmission electron lattice image of a$113% defect with a width of
5 nm in a sample implanted with 1014 cm22 Si ions and annealed at 750 °C.

FIG. 9. DLTS spectra of samples implanted with doses from 109 to
1011 cm22 following a 30 min anneal at 525 °C. The reverse bias was210
V; the filling pulse was 10 V; and the rate window~640 ms!21.
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integrated over the extent of the spectral feature, with the
measurements taken under fixed conditions. PL measure-
ments with the InSb detector show that there is no detectable
emission in the range 450–750 meV, except for the most
heavily implanted samples~Fig. 11!. At 1014 cm22, approxi-
mately a quarter of the emission lies below the cutoff of the
Ge detector~lower curve of Fig. 11!.

Figure 9 shows the evolution of the DLTS spectrum for
doses up to 1011 cm22 followed by annealing at 525 °C. The

DLTS levels E(80), E(100), and E(150) increase to
1010 cm22 and then are not observed at 1011 cm22. Both
the ‘‘M’’ PL line at 761 meV and theT PL line at 935 meV
also increase and then decrease with dose, well within the
range where we have shown in Sec. III A that the PL
strength is proportional to the concentration~Figs. 1 and 3!.
TheT center is known to be a complex of two carbon atoms
and one hydrogen atom,31 and theM center is anotherC and
H complex;32 the chemistry of both centers has been deter-
mined unambiguously by isotope substitution. The maximum
concentration obtained in any given sample will be limited
by the concentrations of carbon and also of hydrogen~which
may be more significant here since forming the Schottky
diode on the DLTS samples is a further processing step com-
pared to the PL samples!. The kinetics of producing theM
and T centers are not known, but other carbon-related cen-
ters,Ci , Ci2Oi , andCi2Cs ~wherei denotes an interstitial
ands a substitutional atom! have been studied as a function
of radiation dose. The concentrations of these centers are
maximized when the concentration of self-interstitials intro-
duced into the silicon is, within a factor of 2 for all the
centers, equal to the initial concentration ofCs . At larger
doses, the carbon centers are destroyed as they capture fur-
ther self-interstitials.33 The increase and then decrease of the
M andT signals is consistent with this scenario. We identify
theE(100) DLTS trap atEc20.20 eV~see Fig. 5! with theT
PL center as follows. In the excited state of theT transition,
an exciton is trapped on the center, resulting in a shallow
hole orbiting in the Coulomb field of a deep electron.31 Tak-
ing the binding energyEb of the effective-mass hole to be
Eb;30 meV, as is typical for a shallow acceptor, the elec-
tron state is located atEs5Eg2Eb2Et whereEg is the ex-
citon energy gap~1170 meV!, andEt the transition energy
~935 meV!, giving Es;Ec20.20 eV. The same energy level
argument can be applied to theM center, which also has a
hole orbiting a tightly bound electron at the center,32 and it
predicts an electron trap level of 0.37 eV. We cannot accu-
rately determine the trap energy ofE(150) because of its
unresolved structure, but it is estimated to be in the range
0.33–0.38 eV belowEc and so it may be the DLTS analog of
theM center. TheE(80) trap, which also appears only at low
doses, is of unknown origin, although it can be distinguished
by its rate window from theE(85) hydrogen-related trap of
Schmidtet al.5

With increasing dose theE(210) DLTS center, with its
trap level atEc20.45 eV~Fig. 9!, increases in concentration
until at a dose of 1013 cm22 it is no longer detectable~Figs.
9 and 10!. Accurate DLTS spectra are now no longer pos-
sible, and theE(210) peak possibly develops into a broad-
band from extended defects. The only PL feature which is
increasing throughout the dose range is the I3 center~Sec.
III A !. Unfortunately, the excited state of the I3 center34 can-
not be described in the simple way used for theT and M
lines, and we are not able to definitely identify theE(210)
center with the I3 center. Although DLTS data becomes less
valuable at these doses, PL spectra are still obtainable, and at
the highest doses a very large number of optical centers is
detected, including two structured bands centered on;885
and ;930 meV ~see Fig. 1! and a considerable amount of

FIG. 10. DLTS spectra of the samples implanted with doses from 1011 to
1014 cm22 and annealed for 30 min at 525 °C. The reverse bias was210 V;
the filling pulse was 10 V; and the rate window was~640 ms!21. For doses
greater than 1012 cm22 the defect concentrations are too high for accurate
DLTS measurements with the shallow dopant levels (;631014 cm23)
used here.

FIG. 11. Extension of the wavelength response to 450 meV in samples
implanted with 1013 and 1014 cm22 and annealed for 30 min at 525 °C
shows a continuum of PL at photon energies below the sharp line structure
of Fig. 1. Spectra measured at 4.2 K and at a spectral resolution of only
;0.4 meV. For clarity the spectra are displaced vertically; the zero level is
shown by the high energy end of each spectrum.

2315J. Appl. Phys., Vol. 88, No. 5, 1 September 2000 Schmidt et al.

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

130.56.107.12 On: Fri, 25 Sep 2015 02:34:00



fine structure. In particular, the strongest zero-phonon lines
seen at 1014 cm22 below the I3 line are at energies of
1008.1, 997.4, 981.7, 972.0, and 956.5 meV. These energies,
measured in our ‘‘fully resolved’’ spectra, differ significantly
from the values quoted in Ref. 12, and the assignments of the
lines in that work to known defects~which in fact are not
stable at these high annealing temperatures1! do not appear to
be valid: the lines currently have an unknown origin.

Concurrent with the growth of these multiple lines, iso-
lated strain contrasts at a depth of about 3mm below the
wafer surface are revealed in TEM images, when imaged
under weak beam conditions~see Fig. 12!. Some of these
contrasts appear to be elongated along the projections of Si
^110& directions, as shown by the arrows in Fig. 12~a!. High-
resolution imaging reveals defects with$113% habit planes
@see Fig. 11~b!# and a typical width of 2 nm, smaller than the
detection limit of;5 nm used in earlier work.12,13 The for-
mation of these aggregates after annealing at only 525 °C is
significantly lower than the previously reported minimum
temperature, 600 °C, for aggregation.12,13

IV. SUMMARY

We have examined the DLTS, PL, and TEM signals
from n-type silicon after implanting with 5.6 MeV Si31 ions
using doses of 109– 1014 cm22 and annealing at 525 and
750 °C. In all the samples, the widths and energies of the PL

zero-phonon lines vary little with the treatment, which al-
lows the high resolution of PL to be exploited~Sec. III A!.

For samples annealed at 750 °C, line broadening is only
significant at the highest doses for two transitions: the 1080
meV PL and for the 903 PL produced by the self-interstitial
aggregates of the$113% defect ~Sec. III B!. The 903 PL is
observable inn-type orp-type silicon, as a result of the ill-
defined Fermi energy in PL experiments, and has a possible
DLTS counterpart in theE(130) level~KA in the notation of
Bentonet al.13! in n-type silicon and in the B1 and B2 DLTS
defects inp-type silicon.30 The PL spectra have allowed us to
detect one possible precursor to the$113% defect as the 900
meV line, and the high resolution of PL has established that
many previously unreported defects are observed in the
750 °C annealed sample with a dose of 1014 cm22 ~see Fig.
6!. In agreement with Bentonet al.13 we find no evidence for
loss ofP or B in the implanted layer.

In samples annealed at 525 °C, we have used the high
resolving power of PL to unambiguously identify two
carbon-hydrogen complexes, and have linked one~theT cen-
ter! to the E(100) DLTS trap atEc20.20 eV ~see Sec.
III C !. We have shown that over a limited implantation
range, 109– 1012 cm22, the PL strength can be a measure of
the concentration of the centers. Consequently, the loss of
the PL signal from the carbon-hydrogen complexes with in-
creasing~but still small! dose has been suggested to be the
result of destruction of the centers, paralleling the situation
in electron-irradiated silicon where carbon centers act as
nucleation points for self-interstitial trapping. One important
DLTS signal,E(120) atEc20.45 eV, and the I3 PL line are
observed through a wide range of doses. At the highest
doses, new DLTS features and a considerable number of
well-resolved but unknown PL defects are created~see Sec.
III C !. In these samples, TEM imaging shows that
nanometer-sized clusters are observable. The modeling of
Cowernet al.14 then implies that a range of smaller intersti-
tial clusters exist, which may be the sites of the many PL
features. It is evident that photoluminescence studies of the
heavily implanted and annealed silicon have the spectral
resolution necessary for further studies of the chemistry and
structure of the multiplicity of defects.
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