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Influence of Ge content on the optical properties of X and W centers in dilute Si-Ge alloys
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Photoluminescence (PL) measurements, performed in Si and Si;_,Ge, alloys (x = 0.0069 and 0.0125)
irradiated with protons and annealed between 100 and 650 °C, are combined with first-principles calculations to
assess the assignment of the W and X lines to the trigonal and tetragonal forms of the tri- and tetra-interstitial
defects, denoted I3 and I4, respectively. It is found that for the W line the annealing temperature that maximizes
the PL intensity is independent of x, whereas for the X line a ~50 °C shift to higher temperatures was observed
in the alloys when compared to pure Si. Analysis of the PL quenching mechanisms along with the calculations
show that the radiative excited state for both defects comprises a pseudodonor state, where a trapped exciton
combines a tightly bound hole and a diffuse electron. The broadening rate as a function of x for the X line is
greater than that of the W line by about a factor of two. This is consistent with a stronger electronic localization
in the X center than in the W center, as well as with the relative positions of the donor levels as obtained from
the calculations for the I3 and 14 defects, respectively. The calculated change rates of donor levels with x are in
qualitative agreement with the hole binding energy shifts obtained from the experiments. Our results support the

assignment of I3 and I, to the W and X centers, respectively.
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I. INTRODUCTION

Ion implantation and subsequent thermal annealing are
key steps in silicon microelectronics industry. Si interstitials
created upon implantation are prone to cluster into small
and extended defects during post implantation annealing.'~
Several Si interstitial related defects have been detected in
ion-implanted Si by photoluminescence (PL) spectroscopy.*™
These defects are clusters involving different numbers of Si
interstitials ranging from small clusters to chains of interstitials
and rodlike {311} extended defects, depending on the im-
plantation parameters and subsequent annealing temperature.
Among these, the W center is present in ion-implanted”'”
as well as in electron- and neutron-irradiated Si, showing a
zero-phonon emission at 1018 meV denoted W line.'!"!> The
W line PL intensity is maximized after annealing in the range
200-250°C and vanishes upon annealing at ~500°C."3-1>
As the W line intensity diminishes in PL spectra, another
prominent signal with a zero-phonon line (ZPL) at 1040 meV
and denoted as X line, raises and reaches maximum intensity
after annealing in the range 400-500 °C.'4-16

The recent demonstration of a silicon light-emitting diode'”
based on the W center emission is renewing the interest on the
structure and formation mechanism of this defect. Moreover,
small clusters of Si interstitials, like W and X centers, play a
major role during the initial stages of Si interstitial evolution
upon annealing of ion-implanted and irradiated Si. It is also
known that such small aggregates are highly mobile at room
tf:mperature,lg'19 and lead to transient enhanced diffusion
(TED) and deactivation of p-type dopants during post-implant
anneals.>20-26

Dilute silicon-germanium (SiGe) alloys allow tailoring
many properties of otherwise perfect Si or Ge crystals,
being simultaneously compatible with the conventional
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Si complementary metal oxide semiconductor (CMOS)
technology.?’ This includes the variation of the energy band
gap, mobility, and effective mass of charge carriers. SiGe
alloys are particularly well suited for operating at cryogenic
temperatures and under radiation-harsh conditions typically
found in space exploration.?® In this kind of environment,
radiation defects, including small clusters of Si interstitials,
play a critical role in device performance. For instance, a
retardation of TED of boron has been observed in SiGe,
favoring device downscaling.””3? A strong influence of the
Ge content on the evolution of Si interstitial clusters has
also been reported.’ For SiGe alloys with Ge content <5%,
the formation and dissolution of rodlike {311} defects was
observed, whereas only dislocation loops were formed if the
Ge content was >>25%.> The observation of the W and X lines
in dilute SiGe has been described only in a few reports, and
little is known about the influence of minority Ge atoms on
the properties of these centers.'®3! The W center emission
intensity and line width were found to decrease and increase,
respectively, with increasing Ge content.?! Additionally, its
annealing behavior was found to be similar to that of {311}
interstitial aggregates.’!

It is widely accepted that the W and X centers are of
intrinsic nature.32-3* From uniaxial stress measurements, it has
been established that the W and the X centers possess trigonal
and tetragonal symmetry, respectively, with considerably
higher stress parameters observed for the X center when
compared to those of the W center.®!3323% Based on a wide
range of spectroscopic data and first-principles calculations,
the W and X centers were assigned to trigonal and tetragonal
forms of tri- and tetra-interstitial defects, denoted hereafter by
I3 and 14, respectively.®32343¢ Structures for these clusters are
shown in Fig. 1. While I3 results from replacement of three
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FIG. 1. Atomic models of tri- and tetra-interstitial clusters in Si.
(a) and (c) depict a bulklike region of Si atoms (large white and grey
balls) for easier understanding of I3 and I, complexes in (b) and (d).
In (a), three Si dimers (large grey balls) are replaced by three Si
trimers (small black balls) to produce the I5 cluster shown in (b). In
(c), four Si atoms (large grey balls) are replaced by four Si dimers
(small black balls) to produce the I, complex shown in (d). Note that
in both models, all Si atoms are fourfold coordinated.

parallel Si dimers by three (111) aligned Si trimer units, the
model of 14 is obtained by replacing four Si atoms by four Si
dimers approximately aligned along the (001).

Arguments supporting the assignment of I, [as shown
in Fig. 1(d)] to the X center are strong and connected
with previous theoretical and experimental reports based on
techniques other than PL..%® For instance, it is consensual that
the X line complex also gives rise to an electron paramagnetic
resonance (EPR) center known as B3.3%%7 This is a spin-1/2
signal from a positively charged self-interstitial cluster.>® The
hyperfine structure of B3 shows a tetragonal (D,,) symmetry,
like the 14 center, and the annealing behavior is similar to that
observed for the X line.*®*" We note that these observations
imply that the B3 center (to be linked with 1) has a donor
level, hereafter denoted E(0/+), within the gap. Moreover,
three phonon replicas of the X line have been detected both in
natSi and 3°Si enriched samples, demonstrating that the defect
has local vibrational modes above the Raman edge.?* This
is characteristic of strongly compressed Si-Si bonds that take
place on interstitial defects. These vibrational modes are very
close to the highest frequency modes of 1, that were obtained
from previous first-principles calculations.*!

In contrast, the assignment of the W center to Iz is
rather controversial. One of the major arguments behind this
connection is the fact that the W center is stable at temperatures
up to 300 °C, above which the X center starts to develop.
A single phonon replica of the W center ZPL was detected
at 70.0 meV, and this shows that the defect has a localized
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phonon mode above the Raman edge. The replica redshifts by
2.3 meV in heavier 3°Si enriched samples, which is consistent
with the expected frequency change of a Si-only related
mode.’>* Like for I, this is suggestive of a center with
Si-Si bonds under compressive stress. Although the I3 model
shown in Fig. 1(b) accounts for many of the experimentally
observed properties of the W center,>**! recent first-principles
modeling of several tri-interstitial configurations, including I3
from Fig. 1(b), showed that this configuration is energetically
disfavored, challenging the assignment of I to the W center.*?
Moreover, it is now believed that the I3 model from Fig. 1(b)
is metastable by about 1.6 eV with respect to the ground
state.’’* According to Estreicher and co-workers, the most
stable structure for a tri-interstitial defect in Si possesses
C, symmetry,’’ and this is incompatible with the trigonal
symmetry of the W center. Unlike 14, the tri-interstitial ground
state does not induce electronic levels within the Si band gap,
meaning that it is not able to hold extra electrons or holes
under thermodynamic equilibrium conditions.?”*! This seems
incompatible with a connection to the W center as its ZPL
energy (1018 meV) implies a stronger exciton localization
energy than the X center ZPL (1040 meV).

In order to better understand the W and X lines and their
models assignment, we carried out a study of the W and
X centers PL emission properties (line intensity, position,
and broadening) as a function of the temperature of post-
irradiation annealings and Ge content in dilute Si;_,Ge, alloys
(x =0, 0.0069, 0.0125) irradiated with protons. The data is
compared to density functional calculations carried out for the
I3 and 14 defect structures shown in Figs. 1(b) and 1(d). The
energy level schemes of nonradiative de-excitation channels
and the influence of the Ge content on the ionization energies
of the I3 and 14 defects are discussed.

This article is organized as follows. In Sec. II, the
experimental details of sample growth, treatments, and mea-
surements are given and in Sec. III, the PL data of W and
X lines are presented and discussed. The theoretical method
for the first-principles calculations is presented in Sec. 1V,
followed by the results on the defect formation and ionization
energies in Sec. V. Finally, the conclusions are presented in
Sec. VL.

II. EXPERIMENTAL DETAILS

A pure Si layer (denoted S layer) and two dilute Si;_, Ge,
layers with x = 0.0069 and 0.0125 (denoted SG1 and SG2
layers, respectively) with 3 pwm thickness were grown at 800 °C
on Si(001) substrates by means of molecular beam epitaxy
(MBE). The Ge content in the layers was determined by
Rutherford backscattering spectroscopy (RBS) using 1.5 MeV
He™ ions. Layers SG1 and SG2 were n-type doped with
Sb. The concentration of conduction electrons measured by
the capacitance-voltage technique amounted to 9 x 10" cm™3
and 3 x 10" cm™ for SG1 and SG2 layers, respectively. Since
the contamination resulting from unwanted compensating
acceptors should be lower than ~10'3cm™3, those values
should roughly correspond to the concentration of Sb donor
atoms in the layers. An n-type doping of about 3 x 10'*cm™3
resulted from Sb contamination within the growth chamber for
the S layer.
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The formation of both W and X centers in the Si;_,Ge,
layers of our samples requires the use of particles with
high enough mass and a careful choice of the irradiation
parameters. All samples were irradiated at room temperature
with 875 keV protons through a 10-pum-thick Al foil at a dose
of 10" H* cm™2. The energy of the protons and the Al foil
thickness were chosen based on a SRIM calculation®® in order
to obtain a broad profile of the damage (vacancies/interstitials)
in the 3-pum-thick SG layers. The SRIM calculations estimate
that the profiles of the vacancies/interstitials and hydrogen
atoms have maxima of 2 x 10> cm=3 and 1.25 x 102 cm—3,
respectively. These profiles are centered at 2.2 um below
the surface of the three layers and have a full-width-at-half-
maximum (FWHM) of about ~1 um. It is noteworthy that
the SRIM calculations were performed for 7 = 0 K, and
at room temperature most of the vacancies and interstitials
formed during irradiation recombine. In moderately doped
Si, only about 1% of the vacancies/interstitials formed upon
irradiation should remain in the sample at room temperature
in the form of larger complexes.** Therefore, we estimate
a maximum concentration profile of vacancies/interstitials
after the room-temperature irradiation of about 2 x 109 ¢cm—3,
which is considerably lower than the maximum concentration
profile of hydrogen atoms (1.25 x 10*° cm~—3). This means
that the maximum concentrations of vacancies, interstitials,
and hydrogen atoms produced by the irradiations are several
orders of magnitude higher than the concentration of Sb
donors. After irradiation the samples were annealed for 15 min
in a N, atmosphere at temperatures between 100 and 650 °C.

The PL measurements were carried out using a Bruker IFS
66v Fourier transform infrared (FTIR) spectrometer equipped
with a Ge diode detector. The samples were inserted in a helium
gas flow cryostat that allowed to change the temperature in the
range 4-300 K. The excitation source was a 488-nm line of an
Ar" ion laser at a laser power of 13 or 33 mW measured at the
front of the cryostat window.

III. PHOTOLUMINESCENCE RESULTS

The PL spectra for the as-irradiated S and SG layers are
shown in the top row of Fig. 2. After proton irradiation, only
the W line at 1.018 eV is observed in the spectra.

For the layers annealed at 300 °C, the X line starts to emerge
in the PL spectrum at ~1.039 eV, in accordance with previous
studies.!*!> The dependence of the W and X line intensities
on the annealing temperature (250-600 °C) is shown for all
layers in Fig. 3. The annealing temperature that maximizes the
PL intensity of the W line is independent of the Ge content.
The PL intensity reaches a maximum at 300 °C, decreases for
higher values, and almost disappears above 450 °C (see also the
middle and bottom rows of Fig. 2). The annealing temperatures
that maximize the PL intensity of the X line in the S and
SG layers are 400 and 450 °C, respectively. This observation
suggests that minority Ge atoms delay the formation of the
X center, perhaps by forming intermediate self-interstitial-Ge
complexes, or simply by increasing the effective diffusion path
length of its precursors.*> This is compatible with a previous
observation where the evolution of interstitial-related defects
is influenced by the Ge content in the alloys.?
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FIG. 2. PL spectrarecorded at 5 K for the S, SG1, and SG2 layers
as irradiated (top row), after an annealing at 7, = 300 °C (middle
row), and after annealing at 7, = 450 °C (bottom row). All samples
were annealed during 15 mins in a N, atmosphere. Both W and X
lines are identified in the spectra.

With the increase of the Ge content, no shift of the W
and X line peak positions is observed in the spectra. For the
W line, the FWHM increases at a rate of d(FWHM)/dx =
229 £ 48 meV, which is close to that of 191 meV obtained by
Tan et al.?! For the X line, a broadening is also observed with
increasing x at a rate of d(FWHM)/dx = 543 & 134 meV,
and clearly higher than that exhibited by the W line. The
stronger broadening observed for the X line could be related
to a higher localization of the defect wave function on the X
center (at the ground or excited state) as compared to the W
center. If the effective radius of the wave function is much
larger than the interatomic distance, as for the less bound
particle in these centers, the change in the number of Ge
atoms in the neighborhood is less important. Therefore, the
most bound particle in the centers dominates the broadening
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FIG. 3. (Color online) X and W line intensity dependence on the
annealing temperature taken at 5 K and for a laser power of 33 mW,
for the proton irradiated S (squares), SG1 (triangles), and SG2 (stars)
layers. All intensities were normalized to their maximum value. Lines
connecting data points are a guide to the eye.
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FIG. 4. (Color online) Integrated PL intensity dependence of the
W line in S (squares), SG1 (triangles), and SG2 (stars) layers annealed
at 300 °C. The data points were used to fit Eq. (1) (shown as solid
lines) using the fitting parameters given in Table I.

behavior. As we shall see, this is consistent with our experi-
mental and theoretical results.

We have monitored the PL intensity as a function of sample
temperature to understand the influence of the Ge content
on the activation of nonradiative de-excitation mechanisms
associated with the W and X centers. In these experiments,
all layers were annealed at the temperatures that maximize
the intensity of W and X lines. For studying the W line,
S and SG layers were all annealed at 300°C whereas for
studying the X line, S and SG layers were annealed at
400 and 450°C, respectively. The Arrhenius plots for the
temperature dependence of the PL intensity of the W line
are shown in Fig. 4. As the temperature increases in the
range 5 < T < 30 K, we observe a small decrease of the PL
intensity. For higher temperatures a strong PL quenching is
observed. The temperature dependence of the X line intensity
is shown in Fig. 5. Due to strong line broadening effects, this
study was not possible for the SG2 layer (see Fig. 2). As shown
in Fig. 5, the PL intensity is enhanced with increasing T in
the range 5 < T < 30 K, followed by a strong quenching for
higher temperatures. However, before proceeding with a more
comprehensive analysis of the data, let us generally describe
the origin of PL recombination on defects and put forward
some premisses.

As will become clear ahead, we consider the hypothesis that
without illumination, the defects (D) scrutinized in this work
are isoelectronic, neutrally charged, and possess a donor level
(hole trap), E;, above the valence band top. A consequence of
such a premise is that the character of the hole in the bound
exciton state is much like that in the ionized center, whereas
the electron is delocalized around the positive core with a weak
binding energy Epy.

Under continuous photoexcitation, a steady-state density
of free electrons and holes as well as free excitons are
generated, and these may be captured at defect radiative
states. Radiative recombination related to such electronic
states has been previously discussed in the literature.**>* The
promotion of a defect to an excited state is a requirement
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FIG. 5. (Color online) Integral PL intensity dependence of the
X line in the S layer annealed at 400 °C (squares), and in the SG1
layer annealed at 450 °C (triangles), together with Eq. (1) (solid lines)
using the fitting parameters given in Table I.

for the observation of PL emission. In the model of bound
excitons,*>* a neutral defect binds a carrier, say a hole,
due to a defect-induced potential composed of a short-range
central-cell potential and a strain field. The hole localization
induces an electrostatic potential (attractive to electrons) which
is responsible for binding an electron. The Coulomb character
of this potential increases with increasing localization of the
hole. This long-range Coulomb-like potential is responsible
for electronic excited states appearing close to the conduction
band, i.e., shallow donorlike states. Defects in this situation
are usually termed as pseudodonors and these excited states
are nicely described by effective mass theory (EMT). We
should mention that the ground state of a pseudodonor is of
a different type than the ground state of a true shallow donor.
For true shallow donors, the ground state corresponds to a 1s
hydrogen-like state, whereas for pseudodonors, the ground
state (or more precisely the pseudo-ground-state) actually
corresponds to a radiative bound exciton state such as D° + bx
in Fig. 6.°%°* Although for such centers the whole exciton
localization energy is Ej, + Evwx = Ey — hv, where Ej is the
band gap energy, the binding energies of the two excitonic
particles are strongly asymmetric, and only that of the loose
electron (Epy) is directly accessible by measuring the PL
quenching as a function of 74!

Alternatively, a defect can be electrically inert (with no
thermodynamic levels within the gap), and still be able to
capture a free exciton before radiative recombination occurs.
The total localization energy is now Eg + Epx = Eg; — hv,
where Ep is the free exciton binding energy, and Ep, must
be the localization energy of the whole exciton to the center.
Note that in this case, dissociation proceeds via promotion of
the exciton as a whole to the free excitonic band; according
to our hypothesis, the potential of the center is not sufficiently
attractive to independently hold any of the exciton particles.

Let us go back to our hypothetical PL active donor center.
The energy states of such a complex are shown on the
left-hand side of Fig. 6, with its neutral ground state (D°)
and four excited states represented as thick solid lines. The
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FIG. 6. Energy-level scheme for a PL active center with ZPL
energy hv and possessing a donor level E(0/+) at the lower half of
the gap. The energy to produce an uncorrelated free electron-hole pair
(e” + h')is the gap width E,. The radiative excited state is assumed
to be made of a tightly bound hole (with binding energy E},), plus a
loose electron with binding energy E,. Further details of the figure
are described in the text.

lowest excited state represents an exciton bound to the defect
(D + bx), whereas on upper excited states D*, ¢~, and A+
denotes the positively charged center, a free electron and a
free hole at the conduction band bottom and valence band top,
respectively. E, may be decomposed on the ZPL energy (hv)
and the binding energies of both exciton particles: the hole
trap energy (E;) and the binding energy of the less bound
electron Ey, (which includes all electron-hole correlation
contributions). The state lying E; above D° 4 bx represents a
nonradiative excited state of the exciton bound to the defect.
It should be noted that for the case of an acceptor center we
would be referring to an electron trap (say E, deep as opposed
to E;) and a negatively charged center (D~ + h' instead
of Dt + ¢7), otherwise the energy-level scheme would be
similar. Here, the bound exciton would comprise a delocalized
hole around an electron tightly bound to the center.

The set of levels shown on the right-hand side of Fig. 6
refers to an effective non-radiative (nr) shallow trap that can
release carriers or excitons (that were previously frozen) upon
raising the temperature that will be available for capture at D°.
In Fig. 6, this is represented as an electron trap, although it
could have been assumed a hole or an exciton trap. Actually,
the relevant quantity to explain the observations is solely the
activation energy E,, for releasing the carriers or excitons.

The density of centers at the D° + bx radiative state and
the sample temperature strongly affect the PL intensity, 1.
In general, the dependence of I on the temperature can be
modeled by the equation'?

E; ,
I(T) = 10 :|:1 + ZC,’ exp <_ﬁ) + Cbx T2

-1
be) 8
x expl — 1+ ,
Sl erer=al

ey
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which is based on the energy-level scheme shown in Fig. 6. In
this equation, k is the Boltzmann constant and [ is a parameter
related to the PL intensity at 0K, 1(0) = Ip/(1 + g), where g
accounts for the temperature-independent ratio between the
carrier trapping cross section at the radiative defects and at
competing shallow traps (nr traps in Fig. 6) described above.
The second and third terms within the first square-bracketed
expression accounts for two different PL. quenching type
channels. One represents the promotion of the loose electron
up to a series of discrete excited states of the center each
one lying E; above D°+bx (only one of these states is
represented in Fig. 6). The third term accounts for the relative
population between the ionized center (D' + e~) and the
radiative bound exciton state (D° + bx), where the electron
is freed up to the conduction band and the hole stays trapped
at the center.'>> The energy Eyy refers to the binding energy
of the less bound particle of the exciton (the electron), ¢; is
a parameter proportional to the ratio between the degeneracy
of the respective excited state and the DY + bx radiative state,

whereas cpy T3 accounts for the conduction band effective
density of states and cyy is a fitting parameter.

The expression within the right-most square brackets
describes the thermal supply of “frozen” excitations from traps
shallower that Eypy, where E\; has been described already. The

term cyy T3 accounts for the effective density of sates of the
conduction band, where c,, is a fitting parameter.

Figures 4 and 5 show that the PL intensity of W and X lines
display quite different behavior as a function of temperature.
Several models were tested in order to fit Eq. (1) to the
experimental data. The relevant parameters (and respective
uncertainties) of the best fits for both centers are presented
in Table I. For the W line, the best results were obtained
by considering both PL quenching channels described above
and depicted in Fig. 6: (i) thermal excitation of the center
to an effective discrete and nonradiative excited state located
at an energy of E; above the radiative state and (ii) thermal
dissociation of the exciton upon ionization of the electron to
the conduction band. This state lies Eyx above the radiative
state and Epx > E;. The first mechanism is responsible for
the small decrease of the intensity in the range 5 < 7 < 30 K,

TABLEI Energies and respective uncertainties, in meV, obtained
from the fit of Eq. (1) to the data related to the temperature dependence
of the intensity of the W and X lines measured for the S, SG1, and
SG2 layers. The binding energies Ey obtained for the W line in Si
by Giri® and Yang® are shown for comparison. The hole trap depth
was estimated by assuming the variation of E, with the Ge content
as reported in Ref. 58.

Center Layer E. E, Epx E,
w S 28 +2 65+6 87+9
59°
50P
SG1 11.7+0.8 4343 106 +7
SG2 941 40+6 106 £9
X S 11+£1 1441 116 =7

SG1  8.4+£0.7 125+£0.8 114£7

#Reference 8.
bReference 56.
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whereas the strong PL quenching for higher temperatures is
dominated by the second mechanism. For the first channel,
activation energies E of 28 =2, 11.7 0.8, and 9 & 1 meV
were obtained for the S, SG1, and SG2 layers, respectively. For
the thermal ionization energies (Eyy ), values of 65 £ 6,43 + 3,
and 40 £ 6 meV were obtained for the S, SG1, and SG2 layers,
respectively. The Eyx value obtained for the S layer is close
to that reported by other authors®° for the same center in Si*
implanted Si. Davies et al.?? also observed a strong quenching
of the W line in the range 10-50 K in neutron irradiated Si,
although an activation energy has not been extracted from their
data.

In the case of the X line (Fig. 5), the best fit to the data
was obtained by considering the thermal ionization quenching
mechanism balanced by the binding energy Ey, and a feeding
mechanism due to existing shallow traps parameterized by
the activation energy E,. The first mechanism leads to
the observed PL quenching at higher 7', whereas the latter
mechanism is responsible for the raise in PL intensity observed
with increasing 7 in the low-temperature range. For the
thermal ionization energies Eyx, we obtained values of 14 & 1
and 12.5 + 0.8 meV for the S and SG1 layers, respectively,
while for the depth of the nonradiative shallow traps, E,
we found 11 £1 and 8.4+ 0.7 meV for the S and SGI
layers, respectively (see Table I). The increase of PL in the
low-temperature range was not observed for the W line. Such
an effect could be explained by the fact that W and X line
intensity measurements were made on samples previously
annealed at different temperatures. This may have an impact
on the type and concentration of shallow traps that are formed
under such conditions.

Up to this point, our analysis was based on the assumption
that the observed thermal quenching of the PL for the W and
X lines involved the promotion of a carrier less bound to the
center (hypothesized to be the electron) to an excited state,
and that the defects are electrically active. However, one could
argue that the PL quenching results from exciton release as
a whole (see Ref. 51 for further details). As already pointed
out, for such centers, the binding energy of the exciton Eyy is
the difference between the excitonic gap Eg* = E, — Egx =
1.1547 eV (Ref. 57) and the energy of the radiative transition
hv. This gives ~0.137 eV and ~0.116 eV for the W and X
lines, respectively. These values are considerably larger than
the Eyx energies obtained experimentally (see Table I), and this
discrepancy clearly supports the premisse previously assumed,
i.e., the thermal quenching of the PL originates from the release
of the less-bound carrier, hence leaving the center on a charged
state.

The localization energy of the hole as a function of Ge
content can be estimated as Ej,(x) = Eg(x) — Epx(x) — hv(x).
To first order, the excitonic band gap in Si-rich SiGe alloys
was measured as E;"(x) =1.155 — 0.43x eV.>® We assume
that the change of the uncorrelated electron-hole pair energy
gap with x, d Eg/dx, is identical to that of d Eg* /dx. Such an
assumption derives from the fact that the free-exciton binding
energy changes by about d E¢, /dx ~ —0.01 eV if we consider
alinear change from Eg = 14.7meVinSito E = 4.18 meV
in Ge.”% Values of E; obtained from the measured data are
reported in Table I. They indicate that in pure Si layers, W
and X centers produce deep carrier traps at 87 and 116 meV,
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respectively, away from one of the band edges. From Ref. 58,
the error of the measured gap in the alloy AEY* ~ AE, is
approximately 7 meV. Combining this figure with the Eyy
uncertainties we may estimate the error bars for Ej, reported
in Table I.

It is also interesting to note that for both W and X
centers, we observe a decrease of the ionization energy Epy
with increasing Ge content. This suggests an increasingly
delocalized state of the loose particle due to increase of the
electronic screening of the alloy (as compared to pure Si).
Moreover, Ey, values are lower for the X center than for the
W center, i.e., the asymmetry in the binding energies of the
excitonic particles is more pronounced in the X center than in
the W center.

IV. THEORETICAL METHOD

In order to link the experimental observations to defect
structures, we investigated the two interstitial models shown
in Fig. 1, and previously proposed for the W and X centers
in SiGe alloys. The defects were modeled within the frame-
work of density-functional theory. Core electrons were dealt
with by using the pseudopotentials proposed by Hartwigsen,
Goedecker, and Hutter (HGH).®! We adopted the local density
approximation (LDA) for the exchange and correlation energy,
together with an expansion of the Kohn-Sham states in a
basis set of localized Cartesian Gaussian orbitals (CGOs),
as implemented in the AIMPRO code.%? For Si, we used a
contracted basis set with polarization functions to account
for higher-order momentum components, with a total of 13
functions per atom (44G*). Basis set production details and
convergence tests for Si have been reported elsewhere.®® The
geometry, relative energies, and electronic levels of I3 and
Iy defects in Si calculated using this methodology are in
close agreement with those that we have obtained previously
using a combination of uncontracted basis sets with 22 and
28 functions per atom.*! For example, E;, values previously
obtained for both defects differ by less that 0.01 eV when
compared to the present calculations. For Ge, we used an
uncontracted basis set of (4,4,2) (s, p,d) CGOs, with a total of
28 functions per atom.

Defects were placed in 216 atom cubic supercells, and the
Brillouin zone was sampled with the help of 23 special k points
as proposed by Monkhorst and Pack.®* The alloy was modeled
by generating a series of random Siyi6—,Ge, supercells. In
accordance with the layers studied in PL in this work, the
theoretical study was restricted to Ge concentrations below
2.5% which corresponds in average to values of n between zero
and five. For each n, we generated twenty SiGe supercells by
placing the Ge atoms at random sites of the silicon lattice.
In previous work, it was shown that the calculated lattice
parameters reproduce well the structural properties of the
alloys over all the concentration range, and that for the
small concentrations that are relevant for this work, Vegard’s
law®” is a good approximation.®® Although for comparable
Si and Ge concentrations a small bowing of the the lattice
parameter (ag) is observed,% the lattice parameter for our
SiGe supercells was obtained by linear interpolation between
ag values for bulk Si and bulk Ge.
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In the following section, we compare the electronic struc-
ture of I3 and I4 in SiGe alloys, with the experimental results
reported in Sec. II1.

V. MODELING RESULTS

A. Defect structure and formation energy

The structure and stability of I3 and I4 in Si have been
described in a previous paper.*! While I, is a very stable defect
with only one known low-formation-energy configuration,
the tri-interstitial ground state is very mobile’’ and the I3
form depicted in Fig. 1(b), which has been linked to the W
center, is at least 1.6 eV higher in energy than the most stable
configuration. 34!

The energy shift of exciton recombination at a donor center
in SiGe alloys comprises the variation of the band gap (Ey),
the hole binding energy (E}), and the electron binding energy
(Epx) as shown in Fig. 6. These quantities depend on (i) short-
range effects when at least one of the electronic states involved
in the transition overlap one or more minority alloying species
and (ii) long-range effects like the change of the dielectric
screening or elasticity of the SiGe host matrix.

Short-range interactions, will drive the formation of I3 and
14 defects with a preference for Si core atoms. Both interstitial
aggregates produce a compressive strain on surrounding Si-Si
bonds. Our results indicate that in Si, bonds at the core of I3
and I4 are shortened by 15.5 and 10.4% with respect to the
bulk value, respectively. Thus, the larger Ge atoms avoid the
compressive stress field produced by the interstitial defects.
This results in negative binding energies (higher than —0.11
and —0.20 eV for I3 and 14, respectively).

Long-range effects were investigated by generating a series
of twenty Siy6_,Ge,,: D supercells, where D stands for I3 or
14, with a total of 216 4+ 3 or 216 + 4 atoms, respectively. In
order to isolate the long-range effect of the alloy, Ge atoms
were not placed in the immediate neighborhood to the defects.
After all, this is consistent with the lower formation energies of
these aggregates, i.e., when Ge atoms are at remote locations.
Ge substitution was assumed to be equally probable on all
remaining lattice positions. For each supercell, the positions
of all atoms were relaxed at a fixed volume (using Vergad’s
linear relation), assuming the respective Ge content x.

Defect formation energies are given by

E; p(x) = Ep(x) — Epuk(x) — mus;, )

where Ep(x) is the average energy of the defective supercells
with a Ge content x, Epyx(x) is the average energy of the
bulk SiGe supercells for the same x, m is the number of self-
interstitials and ug; is the chemical potential of Si.

The calculated formation energies, obtained with ug; taken
from bulk Si, are shown in Fig. 7. The formation energy per
atom is higher for I3 than for 14 both in Si and in the alloys. In
both cases, Er p(x) decreases with x. This can be explained
by the larger lattice constant and lower cohesive energy with
higher the Ge content. However, the variation in the formation
energy with x is very small, amounting to less than 2% for
both defects for the concentrations considered.
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FIG. 7. (Color online) Calculated formation energies of I, and I3
in Si;_,Ge, alloys. us; was taken from bulk Si. Error bars represent
the statistical standard deviation of E;, for the configurations
sampled.

B. Ionization levels

The ionization potential, given relative to an arbitrary
reference, can be obtained from the absolute difference
between the total energies of supercells containing the defect
D in the neutral and positive charge states,

¢p(0/+) = Epo — Ep-+. 3

Similarly, electron affinities can be obtained from the differ-
ence between the total energies of negatively charged and
neutral supercells,

¢p(—/0) = Ep- — Epo. “

The energy E, = E(0/+) — E, corresponding to the position
of the donor level with respect to the valence band top (see
Fig. 6), can be calculated by comparing the ionization potential
of the defect with the ionization potential of a bulk (B)
supercell:

EQO/+) — Ey = ¢p(0/+) — ¢5(0/+), &)

This is equivalent to the marker method, using the bulk solid
host as marker.%® The position of acceptor levels with respect
to the conduction band bottom can be found using the same
method, as

E. — E(=/0) = ¢5(—/0) — ¢p(—/0). (6)

In pure Si supercells, we find that both I3 and 14 are donors
withlevelsat £, = 0.18 and 0.29 eV, respectively. No acceptor
level in the gap was found for either of them. These figures are
consistent with our hypothesis according to which both W and
X centers possess a tightly bound hole in their excited radiative
states. Additionally, this is consistent with the assignment of
W and X center to I3 and 14, respectively, due to the fact that
E,, is lower for the W center.

The marker method can be applied across a concentration
range x, yielding the shift of defect levels with the Ge
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FIG. 8. (Color online) Calculated ionization energies of I3, 14, and
bulk SiGe alloys as a function of the Ge content, x, using Si, Ges16_,
supercells.

content.”9 Since, as detailed in Sec. I, the assignment of
the X center to I has been rather firmly established, let us
start by comparing the theoretical and experimental results for
this defect. The relevant ionization potentials as a function
of x, are shown in Fig. 8. The values of ¢(0/+) for bulk
(squares) should be taken as the valence band top of the alloy.
All uncertainties (shown as error bars) represent the standard
deviations of the total energies for the configurations sampled.
These should be taken with care as they are considerably
lower than the usual overall error of the marker method of the
order of 0.1 eV (estimated by comparing several calculated
level positions with experimental data for defects in group-IV
semiconductors).%?

The shift of the donor level with the Ge content can
be determined using Egs. (3) and (5). For I, we obtain
E;, =0.29 — (0.52 £ 0.02)x eV. Hence, the distance from the
E(0/+) level to the top of the valence band decreases with
x. Since the Ge atoms can be viewed as a small perturbation
to the system, we expect the d E(0/+)/dx rate to be more
accurate than the individual E(0/4) values. Experimentally,
this rate is difficult to determine. From the E}, values in Table I,
we obtain dE(0/+)/dx = AE,/Ax = —0.29 eV where AE),
and Ax are differences between respective values. This figure
is in qualitative agreement with the one obtained from theory
(—0.52), but since the calculated E;, value and its error are of
the same order of magnitude, we cannot establish a quantitative
comparison.

For the I3 model, we obtain E;, = 0.18 — (0.07 & 0.02)x.
In contrast with 14, in this case the E(0/4) remains practically
parallel to the valence band top, suggesting that the hole state
has a strong valence-band character. The experimental values
in Table I suggest that the E;, of the W line increases with
x, with AEj,/Ax between 1.5 and 2.8 eV. However, if we
consider the error associated to the experimental values of
Ej, the above values for AE,/Ax can vary by more than
one order of magnitude. Thus, this comparison of the theory
with the experimental data is not necessarily in contradiction
with the assignment of the W line to the I3. Therefore further
work is necessary to establish a reliable comparison between
experiments and theory.
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VI. DISCUSSION AND CONCLUSIONS

An investigation of optical properties and thermal stability
of the W and X lines in Si and SiGe alloys with low Ge
content (x = 0.0069 and 0.0125), was presented along with
density functional calculations of the electronic structure of I3
and 14 self-interstitial aggregates in dilute SiGe supercells. The
comparison of experimental and theoretical results supports
the assignment of I3 and I, to the W and X centers, respectively.

The defects were produced by proton irradiation and the
PL intensity of the W line was found to attain a maximum
value after an annealing at 300 °C, independently of the Ge
content in the SiGe alloy. On the other hand, for the X line,
the presence of Ge shifted the above annealing temperature
from 400 °C in pure Si to 450 °C in SiGe alloy. No shift of
the W and X line peak positions is observed in the spectra
with the increase of the Ge content. However, the FWHM
broadening rates [d(FWHM)/dx] of the two lines are quite
different, namely 229 4+ 48 meV for the W line and 543 +
134 meV for the X line, which is interpreted as a difference in
the localization of the defect wave function for both centers.
Two nonradiative PL. quenching channels were identified for
the W line. One involves the promotion from the radiative state
to a higher energy bound excitonic state, whereas the other,
corresponds to the escape of the loose particle to a band. For
the X line, only the latter mechanism was identified.

From density functional calculations, a donor level was
obtained for both self-interstitial cluster models I3 and I4.
The donor level of I3 (E, 4+ 0.18 eV) was found closer to
the valence band top than that of 14 (E, 4+ 0.29 eV). The
calculations also find that Ej, for I5 is almost pinned to the
valence band edge (as a function of the Ge content x) with
a shift rate of —0.07x eV, whereas for 14, E;, shifts toward
the valence band top at a rate of —0.52x eV. These figures
are qualitatively in agreement with the experiments. A simple
extrapolation suggests that the I, defect is not electrically
active for x 2 0.5.

Ge minority species act as effective probes to examine the
local structure of defects. While the annealing temperature
that maximizes the intensity of the W center (which is already
present in as-irradiated samples) is not affected by the presence
of Ge, the analogous temperature for the X line is increased by
about 50 °C. Since I3 and I are strongly compressive, theory
excludes the formation of stable I5-Ge and I4-Ge complexes.
This is compatible with a picture where the aggregation of
diffusing self-interstitial precursors will be hindered by Ge
scattering centers that increase the effective activation energy
for the formation of larger I, complexes.

Analysis of the PL quenching data and electrical level
calculations allowed us to conclude that the radiative state
comprises a trapped exciton where the hole is more tightly
bound to the defect than the electron. Accordingly, de-
excitation of both centers can be described by the release of
a weakly bound electron leaving behind a positively charged
center. The asymmetry in the binding energies is higher in
the X center than in the W center and it is consistent with
the PL line broadening dependence with the Ge content. The
depths of the hole traps (Ej) were also estimated from the PL
quenching data. These are related to (0/+4) levels, and in pure
Si they were measured at Ey + 116 meV and E, + 87 meV for
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the X and W centers, respectively. This analysis was extended
to diluted SiGe alloys, and it allowed us to establish a link with
the theoretical donor level calculations for pure Si and alloys
with different Ge content.
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