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Abstract
We report the results of a study into the influence of implanted impurities on
luminescence in the region of the well-known D1 luminescence band that is
associated with dislocations in silicon. A photoluminescence band at around
0.78 eV, which is sometimes seen in silicon containing a high density of
dislocations, has been attributed to the presence of oxygen complexes. In this
study we have deposited layers of Si0.9Ge0.1 onto single-crystal Si substrates by
MBE in order to induce dislocations in the silicon substrate. The samples have
subsequently been implanted with iron, erbium or oxygen in order to study
the effect of implanted impurities on D-band photoluminescence at around
800 meV. Following implantation with oxygen, two luminescence bands appear
at around 0.85 and 0.78 eV, respectively. These bands are not present in
either the unimplanted sample or those subject to Er or Fe implantation. The
correlation between oxygen doping and the appearance of these bands supports
the conjecture that they are associated with oxygen complexes.

1. Introduction

Plastic deformation of crystalline silicon as a result of strain produced either by compression
or the growth of an epilayer of material with a lattice parameter mismatch, such as Si1−x Gex ,
gives rise to a number of broad luminescence bands in the near infra-red that are associated
with dislocations in the silicon bulk [1, 2]. The bands are conventionally labelled D1, D2, D3
and D4 and occur at energies between 1.0 eV and 800 meV, dependent on the nature of the
sample (p or n doped, float zone (FZ) or Czochralski material), the degree of deformation,
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and the thermal history of the sample. Of these luminescence bands, the D1 line, which occurs
at energies of around 800–820 meV is of particular technological interest because it coincides
with the principal low-loss window in silica optical fibres. Although the D bands suffer from
strong temperature quenching, the promise of a silicon-based source operating at these energies
is very attractive and, for that reason, much research has been directed at understanding the
source of this luminescence band.

Despite much research, the origin of the D1 band remains difficult to assign
unambiguously. It is generally thought that this band arises from misfit dislocations in the
silicon bulk; suggestions for the precise nature of the dislocation responsible for this line range
from Lomer–Cottrell dislocations to dislocation kinks and jogs as well as the presence of self-
interstitial or vacancy clusters at dislocation cores. It has also been suggested that it may be due
to a point defect on a dislocation line that corresponds to the intersection of two dislocations,
though cathodoluminescence experiments have suggested an association of both the D1 and
D2 lines with regions between dislocations [3]. Such dislocations may be produced readily
by compressive strain at elevated temperatures, by the growth of a fully relaxed epilayer
of SiGe on a single-crystal silicon substrate [1] or, in some cases, by ion implantation [4].
However, uncertainty remains over the role of impurities in D-band luminescence, and there
have been suggestions that the presence of transition metal impurities around the dislocation
centres is a prerequisite for luminescence; the picture is confused by the observation that,
whilst D1 luminescence is associated with the presence of trace contamination with Ni, Fe or
Cu, high levels of transition metal impurities result in quenching of the D1 and D2 lines
through the formation of silicide aggregates such as NiSi2 or FeSi2. To further confuse
the issue, iron silicide is itself luminescent at around 800 meV in its semiconducting β-phase
[5, 6]; at annealing temperatures above 1000 ◦C it converts to the non-luminescent α-phase.
A further particular problem in erbium-implanted silicon is the correspondence between the
D1 band and the 4I13/2 → 4I15/2 intra-4f transition of the Er3+ ion, making the assignment of
photoluminescence from such material in this region problematic [7, 8].

It is clear that oxygen plays a key role in dislocation luminescence from silicon in the 0.8 eV
region [9, 10]. There is evidence that the presence of oxygen can stabilize D-band luminescence
so that it may be observed at higher temperatures, and photoluminescence at around 0.8 eV
has been attributed to interstitial carbon–oxygen complexes [11, 12], oxygen precipitates [10],
and thermal donors [13]. The generation of oxygen clusters is a complex process and may
be influenced by a number of factors, including gettering by fixed dislocations, aggregation
of oxygen atoms around dislocations propagating through the lattice during deformation [14],
and formation of clusters around impurity ions. The formation of thermal donors can lead to
the appearance of a luminescence line at 767 meV (the so-called P line), which is attributed
to the interaction between an interstitial carbon atom and a di-oxygen molecule [12]. The P
line may be suppressed by the formation of oxygen aggregates [15], which themselves are
responsible for lines at around 780 meV. However, the picture is further complicated by the
observation that one of the possible first stages in the formation of dislocations is the generation
of self-interstitials by the aggregation of oxygen to form clusters [16]. Nevertheless, there is
unambiguous evidence that such clusters are responsible for luminescence bands at around
800 meV and that this luminescence may coexist with that from the D1 band [16]. In particular,
it has been reported that there is an association between the appearance of luminescence bands
at 778 and 850 meV and oxygen precipitates [10].

In this study, we undertook to investigate the influence of implanted impurities on
D1-band luminescence from strained-layer SiGe/Si samples. Specifically, the influence of
oxygen on the intensity and lineshape of the luminescence band at around 800 meV was
investigated.
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2. Experiment

Samples were produced by MBE growth of 1400 nm thick layers of Si0.9Ge0.1 onto p-type
(1015 cm−2) single-crystal (111) FZ silicon substrates. Films were grown at temperatures
between 700 and 800 ◦C, which ensured that the substrate was sufficiently relaxed that a high
density of misfit dislocations was produced below the Si0.9Ge0.1 epilayer.

After deposition, the samples were divided into two sets, labelled SG1En and SG1AEn. In
each set, the n = 1 sample was unimplanted, n = 2 implanted with erbium, n = 3 implanted
with iron, and n = 4 implanted with oxygen (see below). Both sets were etched using a
SiCl4 plasma; the former set to a depth of 1300 nm and the latter to 1400 nm (i.e. the entire
Si0.9Ge0.1 layer was removed). The latter set (SG1AEn) was further annealed at 900 ◦C in
argon prior to etching. Samples were then implanted with implantation energies that were
chosen to give an ion penetration depth of 160 nm in each case. This corresponded to 60 keV
for oxygen, 190 keV for iron, and 380 keV for erbium. Fluxes were 1015 cm−2 for each species.
Following implantation, all samples were annealed at 900 ◦C in argon for 90 min to remove
implantation-induced damage.

A further set of anneals were undertaken to investigate the effect of rapidly quenching
the temperature of the sample. Selected samples were annealed at 900 or 1100 ◦C, and then
removed from the annealing furnace rapidly in order that they should cool to room temperature
in a few seconds. Such treatment is known both to produce a high density of misfit dislocations
and to quench the D2 luminescence band [10].

Photoluminescence spectra were measured for each sample using an argon-ion laser
operating at 488 or 514 nm as an excitation source. The samples were placed in a continuous-
flow liquid nitrogen cryostat. Luminescence was dispersed through a Bentham M300
monochromator and detected using either an InGaAs PIN diode or a Hamamatsu InGaAs
photocathode photomultiplier tube. Standard lock-in techniques were employed.

Selected samples were studied by transmission electron microscopy (TEM) to confirm the
presence of dislocations and oxygen complexes.

3. Results and discussion

Because of the strain induced by the Si0.9Ge0.1 layer, a considerable degree of relaxation
can be expected in the silicon substrate, resulting in a very dense network of extended
dislocations. Figure 1 shows a TEM image of the dislocated layer of an oxygen-implanted
sample that confirms the presence of a dislocation network. The plane of the image is (001).
The lines correspond to misfit dislocations introduced due to the strain field and the arrows
indicate the position of oxygen precipitates. However, a puzzling observation is that the
observed dislocations have a different appearance to those commonly associated with D-band
luminescence [4]. Specifically, they have a more complex structure than expected. The
conventional picture of dislocations associated with D-band luminescence is of a ‘tram-line’
pattern of extended linear dislocations,which can extend for several microns. However, figure 1
shows short dislocations with more random orientations and half-formed loop structures. A
possible explanation for this is the damage caused by ion implantation,or perhaps redistribution
of strain due to the removal of the majority of the Si0.9Ge0.1 epilayer. However, this remains
conjecture until further structural studies have been performed. Nevertheless, the presence
of both oxygen precipitates and dislocations in both oxygen-implanted samples (SG1E4 and
SG1AE4: etched and non-etched) has been confirmed by the TEM results. In all cases these
dislocations appeared to be different from the misfit dislocations induced by the Si0.9Ge0.1
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Figure 1. A TEM image of a dislocated layer in an oxygen-implanted sample.
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Figure 2. The effect of annealing and rapid cooling on an unimplanted sample.

layer, and we must therefore surmise that implantation has introduced these defects and that
annealing at 900 ◦C is not sufficient to remove them.

The dislocation-related luminescence (DRL) spectrum of the unimplanted sample
(SG1E1) is shown in figure 2; it consists of only a D1 line (820 meV) of low intensity. It
is known that dislocations that are introduced at temperatures below 800 ◦C generate a great
number of non-radiative recombination centres, which decrease the efficiency of radiative
recombination. The other two spectra in figure 2 illustrate the effect of different annealing
procedures. On annealing at 900 ◦C for 30 min and cooling slowly to room temperature, the
degree of substrate relaxation becomes much higher, the dislocation network develops further
into the substrate, and a considerable proportion of non-radiative centres are annealed. The PL
intensity becomes larger and the spectrum now consists of the two lines D1 (812 meV) and D2
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Figure 3. PL spectra taken at 77 K of the sample series SG1En, implanted with ions as labelled.

(870 meV). There is also a weak line at 940 meV, which is possibly related to the D4 centre
in the strained lattice. However, a further anneal at 1100 ◦C followed by rapid quenching to
room temperature quenches the D2 photoluminescence line.

Figure 3 shows a set of photoluminescence spectra, taken at 77 K, of the SG1En series
samples. Clearly evident in the un-implanted case (SG1E1) is a strong peak at around 805–
810 meV with a weaker side-band at around 860 meV. These correspond to the D1 and D2
lines, respectively. Implantation with erbium (SG1E2) strongly quenches the luminescence;
iron (SG1E3) and oxygen (SG1E4) produce a shift in the peak energy to around 820–830 meV,
though the latter produces considerable quenching. Of particular note is the enhancement of
the low-energy side of the luminescence band evident in SG1E4 (oxygen implanted).

Figure 4 shows the excitation power dependence of the 70 K luminescence from the
oxygen-implanted sample SG1E4. There is a clear increase in the peak energy with
increasing excitation power. Such behaviour could be associated with donor–acceptor radiative
transitions.

Figure 5 shows the effect of the rapid quenching of a 900 ◦C anneal of the same oxygen-
doped sample. The main effect is the quenching of the low-energy side of the luminescence
peak. Similar results were obtained from an anneal at 1100 ◦C followed by a rapid thermal
quench. This behaviour is associated with dissolution and ‘freezing-out’ of oxygen complexes
as a result of rapid quenching; slow cooling allows them to nucleate and stabilize.

Figure 6 shows PL spectra of the sample SG1AE4. Recall that this sample has had
the SiGe epilayer removed; note the absence of characteristic D1 luminescence. The most
striking observation is the appearance of new luminescence bands at 780 and 850 meV.
TEM results confirmed that the SiGe layer had been removed from the SG1AEn series. No
photoluminescence was detectable from the unimplanted sample (SG1AE1) in this region;
the iron-implanted sample showed a very weak band at around 820 meV that may be the D1
line due to residual dislocations still present in the silicon; the Er-implanted sample SG1AE3
showed very weak photoluminescence at around 780 meV.

Figure 7 shows the 70 K photoluminescence spectrum of sample SG1E4 fitted using three
Gaussian peaks, centred at 778, 820 and 850 meV, respectively. The first and last energies
correspond to the positions of the peaks induced in sample SG1AE4 by oxygen implantation,
and have been observed in previous work and identified with the presence of oxygen precipitates
in FZ silicon [10]. This implies that the observed luminescence in this sample is a combination
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Figure 4. The excitation power dependence of luminescence from the oxygen-implanted sample
SG1E4. Curves are labelled with excitation power densities in MW cm−2. Spectra are taken at
70 K.
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Figure 5. PL spectra taken at 70 K for the oxygen-implanted sample SG1E4—black curve: before
annealing; dotted curve: after annealing and rapid quenching.

of that due to misfit dislocations and that from oxygen complexes. Note that the data could
not be fitted with two Gaussian peaks.

4. Conclusions

Dislocations may be introduced into single-crystal silicon by the growth of a SiGe layer of
sufficient thickness. Characteristic D-band luminescence is readily seen from such samples;
the spectral shape and intensity of this emission is strongly influenced by the presence of
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Figure 6. The PL spectrum of sample SG1AE4: Si0.9Ge0.1 epilayer removed, then implanted with
oxygen. Note the absence of D1 luminescence and the appearance of new PL bands centred at 780
and 850 meV, respectively.
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Figure 7. A fitting of the PL spectrum of sample SG1E4 using three Gaussian peaks. Experimental
data are shown by solid curve.

impurities. We have specifically investigated the effect of oxygen on D1 luminescence. Our
results indicate that the implantation of oxygen into the dislocated silicon substrate broadens
the D1 band, particularly to the low-energy side. The resultant luminescence band appears
to be a convolution of three lines: that due to dislocations, centred around 820 meV, and two
‘new’ bands centred at 778 and 850 meV, respectively. When the silicon layer containing
the dislocations is removed by etching, although the D1 luminescence band is quenched,
implantation with oxygen again produces the two new luminescence bands. We therefore
conclude that these bands are related to the formation of oxygen precipitates, though it should
be borne in mind that the TEM results indicate the presence of some residual or implantation-
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related dislocations in this sample that may also contribute to the observed photoluminescence.
Nevertheless, our conclusion is supported by the observation that the low-energy side of the
broadened luminescence band seen in un-etched samples is strongly reduced by rapid thermal
quenching; this is behaviour that is consistent with the dissociation and ‘freezing-out’ of oxygen
clusters. It is tempting to conclude that the observation of a weak luminescence band in the
erbium-doped sample at around 780 meV may possibly be attributed to the gettering effect of
erbium on oxygen, leading to the formation of oxygen complexes around erbium ions [17, 18],
although this is speculation until further work has been performed.
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