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High-resolution deep-level transient spectroscopy studies of gold and platinum acceptor
states in diluted SiGe alloys
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High-resolution Laplace deep-level transient spectroscopy spectra for gold- or platinum-diffused SiGe
samples show an alloy splitting that is associated with the alloy fluctuations in the proximity of the defect. For
the case of the platinum acceptor state, the effect of the level splitting caused by alloying in the first and also
in the second shell of surrounding atoms can be distinguished. For the case of the gold acceptor, only the effect
from the first shell of atoms is observable but the manifestation of alloying in the second-nearest shell can be
seen as line broadening. We have found that the electronic energy level is affected by alloying in the first-
nearest neighborhood by a factor of 2–3 more than by alloying in the second-nearest shell. The absolute values
of the energy differences obtained from the Arrhenius plots for different defect configurations agree with those
inferred from the peak separations observed in the spectra. A clear preference for gold and platinum to enter
substitutional Si sites adjacent to Ge has been revealed. This may be interpreted in terms of an enthalpy
lowering as a result of the fact that both metals are able to replace the host silicon atom more easily than the
germanium atom in the substitutional position.

DOI: 10.1103/PhysRevB.63.235309 PACS number~s!: 71.55.Cn, 61.72.Ji, 68.55.Ln
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INTRODUCTION

In semiconductor materials the electronic levels of po
defects, which result from the binding of carriers on loc
ized orbits, are sensitive to details of the atomic configu
tion in their close vicinity. Thermal excitation of such d
fects results in transitions of carriers from the defect to eit
the conduction or valence band, i.e., delocalization of ca
ers. As a result, for semiconductor alloys, the thermal em
sion process reflects the spatial fluctuations in local a
composition affecting the initial state of the transition. Th
is because the alloy fluctuations are well averaged for
final state of the carrier in the band. In these cases the t
mal emission spectra obtained by techniques such as d
level transient spectroscopy~DLTS! may reveal a structure
that can be interpreted in terms of ‘‘alloy splitting’’ of th
bound-state total energy.1–5

In ternary semiconductor alloys the alloying effect occu
in every second shell of atoms; thus usually one assumes
only one shell of atoms influences the properties of
ground state of the localized defect. For binary alloys, s
as SiGe, one can expect that at least two shells of atoms
influence the electronic properties of the defect; however,
alloy splittings originating from different shells of atoms a
not equivalent. Consequently, investigations of the al
splitting effects for defects in binary alloys can be extrem
informative provided the experimental technique offers s
ficient resolution to see the effects originating from differe
shells of atoms.
0163-1829/2001/63~23!/235309~10!/$20.00 63 2353
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The resolution of conventional DLTS techniques~defined
as the ability to recognize two close emission rates! is at
most a factor of 10 in the rate, provided one can perform
reliable and unambiguous line-fitting procedure.6 In practice
the resolution is much worse. This value can be transla
into the energy resolution for the activation energy of t
thermal emission process. Usually DLTS measurements
performed in a temperature range between 100 and 300
This translates as an energy resolution for conventio
DLTS measurement ranging between 20 and 60 meV. Th
values are in most cases insufficient to see the real a
effects for defects in semiconducting alloys~see the discus-
sion on real and apparent alloy effects observed for the c
of the DX centers in AlxGa12xAs given in Ref. 5!.

The emission-rate resolution offered by high-resoluti
‘‘Laplace’’ DLTS,7 as used in this study, is much higher tha
for conventional DLTS. In Laplace DLTS no line-fitting pro
cedure is necessary. This high resolution enables a uniq
detailed mapping of environmental effects on deep cen
within dilute SiGe. We show that emission spectra obtain
for the platinum and gold acceptor states display a fine st
ture that can be interpreted as the effect of alloy splitting
terms of the relative number of silicon and germanium ato
in the immediate proximity of the transition metal. Both d
fects have been studied previously in great detail for p
Si,8,9 and some conventional DLTS results are available
SiGe alloys.10–12 For the case of platinum we are able
recognize the alloying effects originating from the first a
©2001 The American Physical Society09-1
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second shells of atoms while for the case of the gold acce
state the influence of both shells on the emission is obse
indirectly. We further show by analyzing the relative conce
trations of different local alloy configurations that both tra
sition metals display a preference for sites next to Ge w
they are diffused into the alloy.

SAMPLES

Most of the samples used in this study were grown
molecular-beam epitaxy on~100! Si substrates. The alloy
composition of the active layer of Si12xGex ~4 mm thick!
was 0, 0.5, 1, 2, or 5 at. %. Between the active layer and
substrate compositionally graded buffer layers were grow
order to accommodate lattice-mismatch strain and reduce
number of misfit dislocations~see Ref. 13 for details of the
growth procedure!. Samples grown according to this proc
dure are known to have a low density of dislocatio
(,105 cm22) and a low concentration of deep leve
(,1012cm23). The uniform active layers weren type, doped
with 531015Sb cm23. Both p1n-mesa and Schottky diode
were used in this study. The dopant metals~either Pt or Au!
were diffused into the layers at 800 °C for 24 h. In the ca
of the mesa diodes this was done through thep1 layer and in
the case of the Schottky diodes prior to diode formation.

Figure 1 shows conventional DLTS spectra for tw
samples prepared from the same Si0.95Ge0.05 crystal. One
sample was diffused with gold and the other with platinu
In both cases one peak is observed on each of the spe
which can be attributed to the well-known acceptor states
the transition metals in the substitutional positions. Althou
the sample active layers are prepared from a semicondu
alloy no structure is observed within the peaks of the
spectra.

FIG. 1. Conventional DLTS spectra for electron emission fro
an n-type Si0.95Ge0.05 crystal diffused with platinum~upper curve!
and gold~lower curve!. In both cases one featureless line related
the acceptor state for each of the metals is observed.
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RESULTS AND DISCUSSION

Alloy splitting effect for gold and platinum

Figures 2 and 3 show Laplace DLTS spectra for gold a
platinum acceptors in SiGe alloys with 0–5% of Ge, resp
tively. The spectra have been normalized in terms of
magnitude and emission rate of the 0Ge line. This enabl
direct comparison to be made between the various samp
Some of the spectra for a given impurity have not been m
sured at exactly the same temperatures, and the alloying
ters the band gap of the semiconductor, which causes a

FIG. 2. Laplace DLTS spectra of gold-diffused samples hav
different germanium content. For each of the spectra the main l
have been aligned and normalized to the spectrum for the
sample according to the procedure described in the text.

FIG. 3. Laplace DLTS spectra of platinum-diffused samp
having different germanium content. For each of the spectra
main lines have been aligned and normalized to the spectrum
the 5% sample.
9-2
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of the main features on the spectra so that they canno
overlaid without normalization. The emission process has
activation character, i.e., is governed by the formula

en5A exp~2En /kT!, ~1!

whereEn is the activation energy for thermal emission,T is
the measurement temperature,k is the Boltzmann constant
andA is a constant. Note that the constantA contains other
defect parameters like the capture cross section and the
tropy term; however, for visualization of differences betwe
different local alloy configurations we assume that a
changes in the defect capture cross section and entropy
hidden in changes of the activation energy of the emiss
Moreover, in the general case the preexponential fa
should depend on the temperature asT2. When the Laplace
DLTS spectra are taken at different temperatures for
Arrhenius type of spectral analysis thisT2 dependence is
explicitly used.

In Figs. 2 and 3 the spectra have been shifted horizont
in order to align the main peak of each spectrum. When
spectra measured at two different temperaturesT1 andT2 are
compared, the horizontal axis for each of the spectra ha
be recalculated according to the formula ln@en(T2)#
'(T1 /T2)ln@en(T1)#, which is a direct consequence of Eq.~1!.
This formula is valid as long asT1 is not too far fromT2 ;
otherwise a consideration of theT2 term in the constantA
becomes necessary. This recalculation procedure com
sates for the fact that the Laplace DLTS spectrum for a gi
sample covers a wider range on the frequency scale w
it is taken at a lower temperature than at a higher temp
ture ~the resolution of the method is proportional to t
temperature!.

When the germanium content in the crystal increases
ditional features in the Pt- and Au-related Laplace DL
spectra appear on the high-frequency side of the main lin
simple analysis of the conventional DLTS line shape allo
us to conclude that these features can cause a broadeni
the conventional DLTS peak on the low-temperature si
This will happen if the emission rate differs from the em
sion rate of the main line by less than a factor of 4 and
amplitude is larger than 50% of the main-line amplitud
Figure 2 and Table I~a! show that for the case of the gol
acceptor state these conditions are not fulfilled and the c
ventional DLTS peak seen in Fig. 1 is not significan
broadened although a small shoulder on the low-tempera
side is observed. For the case of the platinum acceptor
additional features are less well separated on the emiss
rate scale, so that the conventional DLTS line in Fig. 1
broadened with respect to the line observed in the pure
con sample.

Clear trends are seen on the spectra in Figs. 2 and 3
both impurities which allow us to associate the features
sulting from increasing germanium content with different
cal configurations of the alloy in the vicinity of the met
atom.14 Figure 4 shows a schematic flat diagram of the r
dom alloy~for 5% of Ge! in the first- and the second-neare
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neighborhood of the defect. The light gray bar diagram r
resents probabilities of finding the alloy configuration havi
0, one, or two of four germanium atoms~assigned here a
0Ge, 1Ge, and 2Ge, respectively! in the first shell of atoms.
When the second shell of atoms is taken into account th
lines split into subsets which are depicted by dark gray b
The lines in these split sets are now marked by figures w
subscripts, where the figures and subscripts refer to the n
ber of germanium atoms in the first- and second-nea
neighborhood, respectively.

TABLE I. Relative concentration of different local environme
configurations for~a! gold and~b! platinum acceptors in SiGe alloy
compositions. ‘‘Theoretical’’ values inferred from an analysis of
perfectly random alloy~see diagram in Fig. 4! are compared to
ratios of peak amplitudes assigned to the Laplace DLTS spe
The lines not observed in the spectra are marked n/o.

Composition~% of Ge! Theory Experiment Theory Experimen

~a!Au normalized to 0Ge
1Ge ~101111¯) 2Ge ~201211¯)

0.5 0.020 0.0660.03 n/o
1 0.043 0.0860.03
2 0.078 0.1360.04 0.002
5 0.21 0.3060.04 0.015 0.0560.03

~b! Pt normalized to 00
01 10

0.5 0.062 0.1060.05 0.020 n/o
1 0.12 0.2160.05 0.042 0.0360.02

FIG. 4. Flat diagram of the SiGe alloy showing two shells
atoms surrounding the metal impurity. The light gray bars sh
probabilities of finding a given number of germanium atoms in
first-nearest neighborhood of the metal for the random alloy hav
5% of germanium. These lines split into subsets~dark gray bars! if
one assumes that the second-nearest neighborhood plays a ro
9-3
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A comparison of the diagrams for 5% of Ge in the allo
with the spectra for the corresponding alloy leads to
conclusion that the structure seen on the spectra is a m
festation of the alloying, where only the role of the firs
nearest neighbors is apparent for the case of gold, while
influence of the first and second neighbors can be seen in
thermal emission process for the case of platinum. The p
assignments for the spectra in Figs. 2 and 3 and the diag
from Fig. 4 are the same. Note that the Laplace DLTS sp
tra shown for the 5% samples in Figs. 2 and 3 correspon
the conventional DLTS spectra shown in Fig. 1 for the sa
samples. Similar bar diagrams can be constructed for o
alloy compositions, reproducing tendencies in particular
loy configuration concentrations. For alloy compositio
above 5%~samples with the germanium content up to 25
have been checked! the thermal emission becomes less w
defined with many contributing features, which makes
numerical procedures for the calculations of the Lapla
DLTS spectra unstable and inconclusive.

Equivalency of the alloy effect for both impurities

Figure 5 shows two Laplace DLTS spectra of the gold a
platinum acceptors in a SiGe alloy with 1% Ge. These m
surements were carried out at different temperatures; h
ever, for direct comparison of the spectra the frequency s
has been converted to an energy-difference scale usin
modification of the formula~1!, DE52kT ln(en /en0), where
en0 is an arbitrary reference frequency. Note that in this fi
ure larger energy values mean a decrease of the activa
energy for the emission, i.e., a faster emission process. S
a presentation of the spectra allows a direct compariso
the influence of the alloy on the defect energy levels ir
spective of some aspects of the experimental conditions
this case the temperature of the measurement.

FIG. 5. Two Laplace DLTS spectra for the platinum and go
acceptor states in Si0.99Ge0.01, where the emission-rate scale h
been recalculated as an energy-difference scale using formula~1!.
See text for details.
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It is seen that when the center of gravity of the thr
left-hand-side lines seen for the platinum spectrum is alig
with the center of gravity of the 0Ge line of the Au spectru
the right-hand-side line of platinum aligns with the 1Ge li
of gold. This means that in both cases the alloy splitting
the energy level caused by a replacement of one silicon a
among the first-nearest neighbors of either the gold or
platinum by germanium is around235 meV. For the case o
platinum a similar change in the second-nearest neigh
hood results in a change in the defect energy by appr
mately210 meV.

The spectra for the gold acceptor depicted in Fig.
clearly show that the main 0Ge line broadens with incre
of the Ge content but never splits into components as
served for the case of platinum. In order to understand
observation one should remember that the energy resolu
of the Laplace DLTS technique is almost inversely prop
tional to the temperature at which the spectrum is taken. T
means that the platinum spectrum was obtained with a fa
of 2.5 higher resolution than the gold spectrum. As a res
an additional splitting of the gold 0Ge line is revealed in t
platinum case. The error bars in Fig. 5 show the energy re
lution for both spectra when an emission-rate resolution~un-
derstood here as the ability of the numerical methods to
tinguish two emission rates! differing by a factor of 2 is
assumed.

On the other hand, one could expect that although the 0
line cannot split it should become asymmetric when the
content increases. This effect is not observed in the spe
shown in Fig. 2. We explain this lack of expected asymme
for the 0Ge line as a manifestation of limitations of th
Tikhonov regularization method which we use for th
Laplace transform inversion.16 This method allows us to find
good approximations for the Laplace spectrum with a cl
resolution limit. When two features in the spectrum differ
emission rate by less than the resolution limit of the meth
~a factor of around 2! the Tikhonov method will show thes
features as one broad andsymmetricline. However, if the
line separation is larger than the resolution limit then the l
starts to be truly asymmetric; sometimes it splits, sometim
a small shoulder on the strong line appears depending on
noise level. Problems related to the Tikhonov regularizat
method resolution and the role of noise there have rece
been reviewed by Istratov and Vyvenko in Ref. 17.

Defect ionization enthalpies

The diagram shown in Fig. 5 enables the differences
tween apparent activation energies for different defect c
figurations to be evaluated. This evaluation is based on
mula ~1! where it is assumed that the carrier capture cr
sections@hidden in the constantA of Eq. ~1!# for these con-
figurations do not depend on the local alloy composition. I
not necessary to make this assumption when the energy
ference is evaluated from the absolute values of the act
tion enthalpies. The conventional DLTS procedure is to fi
these values from Arrhenius plots, i.e., from the ln(en /T2)
versus 1/T dependence. If the Laplace DLTS measureme
are performed on defects producing rather broad spectra
procedure, although in principle possible, has limited ap
cability. In order to construct a conclusive Arrhenius plot
is necessary to observe a stable Laplace spectrum ov
9-4
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significantly wide temperature range. The high-temperat
limit for an Arrhenius-type analysis is reached when spec
features having the fastest emission rates start to appr
the highest measurement frequency of the experime
setup. The low-temperature limit is reached when the em
sion rate for the slowest features in the spectrum is so
that the transient averaging procedure no longer reduces
experimental low-frequency noise coming from the tempe
ture fluctuation, 1/f , or the power line. As a result of th
increase of the total noise the Laplace DLTS method lo
resolution. Consequently, the broader Laplace DLTS sp
trum has a narrower temperature range available for
Arrhenius-type analysis than ad-function spectrum.

For gold and platinum acceptor states in SiGe diluted
loys the Arrhenius type of emission-rate analysis brings
other complication. Although it could be expected that
low germanium content the Laplace DLTS spectra would
narrower and more advantageous for the observation of
ferent component emission rates over a wide range of t
peratures, the amplitudes of these components are smal
result of the low germanium content. In some cases
makes the Laplace DLTS spectrum unstable at extreme
peratures, which again narrows the possible range of t
peratures available for observation of these small featu
As a result, in the Laplace DLTS experiment it is mu
easier to obtain a spectrum demonstrating the relative dif
ences between the features in the spectra than to evalua
absolute values of the ionization enthalpies. In the first c
the sample temperature and the data acquisition param
can be optimized specifically for each particular sample
order to obtain the best signal-to-noise ratio—a considera
essential for stable Laplace DLTS spectra. The results
tained for gold and platinum in cases where the Arrhen
type of analysis was possible are gathered in Tables II~a! and
II ~b!. Figures 6 and 7 show the Arrhenius diagrams for so
gold- and platinum-diffused samples.

For the 5% sample the ionization enthalpies for the 0
and 1Ge lines~580620 and 550640 meV, respectively, as
shown in Fig. 6! are consistent with the spectra shown in F
2, i.e., the defect configuration having slower emission rat
characterized by a larger activation energy for the emiss
process. For this sample the horizontal axis of the Lapl
DLTS spectrum can be converted to an energy scale a
Fig. 5. This allows the relative difference of the activati
energies to be evaluated. For these two configurations
around 35 meV, which is consistent with the difference
the two enthalpies, keeping in mind the standard deviati
for these two values.

The spectra observed for the platinum acceptor case
stitute a much less favorable situation for performing
Arrhenius-type analysis. They are much broader with m
features—a situation that reduces the available tempera
range for measurements. For the 0.5% and 1% samples
sides the main 00 line, the subsidiary 01 line could be ana-
lyzed, and also the 10 line for the 1% sample. The absolu
energy separation for the 00 and 10 lines in the 1% sample
~see Fig. 7! is consistent with the value obtained from Fig.
In addition, the difference between the enthalpies for the0
and 01 lines for the 0.5% and 1% samples agrees satisfa
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rily, at least in the energy trend, with the estimate obtain
from the peak separation for the spectrum shown in Fig
The 2% sample was not as high quality as the other lay
and consequently we have only been able to construc
Arrhenius plot for the main line. For the sample with 5%
germanium the spectra become too broad, which ag
makes the Arrhenius plots inconclusive for other then
main lines.

Equivalency of Laplace and conventional DLTS measurements
on Au and Pt acceptor states in SiGe

The Laplace DLTS technique allows one to observe in
vidual local alloy configurations around the central atom

TABLE II. Thermal emission activation energies~in meV! for
the main and some subsidiary lines in the Laplace DLTS spectra
~a! gold and~b! platinum acceptors in different SiGe alloy comp
sitions. The lines not observed in the spectra are marked by n/

~a!

Composition
~% of Ge! 0Ge 1Ge

0 54762 n/o
0.5 54868
1 550610
2 54367
5 580620 550640

~b!

Composition
~% of Ge! 00 01 10

0 22564 n/o n/o
0.5 23161 220620 n/o
1 22163 219610 190630
2 262630
5 255620

FIG. 6. Arrhenius plot for the 0Ge and 1Ge lines observed in
gold-diffused Si0.95Ge0.05 sample.
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the defect. However, at least for the elemental semicondu
alloys, this method gives conclusive results only for dilut
alloys where there is a limited number of configurations c
tributing to the signal. On the other hand, the conventio
DLTS technique does not suffer from this limitation, and t
results obtained for both acceptor states in a wider rang
alloys are available.10–12 Conventional DLTS measuremen
performed on alloys provide an energy level that is an un
solved convolution of all the levels originating from differe
alloy configurations and thus it is important to compare
sults from these two techniques.

A standard linear-regression analysis has been perfor
for the data presented in the first column of Table II. T
reciprocal values of the standard deviations of individual v
ues have been used as their weights. From this procedure
concluded that the activation energy for emission from
Au acceptor state 0Ge configuration increases with incre
ing Ge content with the ratedEn /dx50.4260.25 eV. The
same analysis for the Pt acceptor state 00 configuration gave
0.5660.42 eV. Figure 8 shows measured energies for b
configurations~crosses! overlaid on the SiGe conduction
band variation, where all changes are related to the top o
valence band. The above alloy coefficients are increase
the initial slope of the conduction band, equal to 0.43 e
The changes of the bottom of the conduction band as a fu
tion of the alloy composition have been taken from Ref.

In Fig. 8 the alloy dependency inferred from the linea
regression procedure for the 0–5 % alloy composition ra
is extrapolated throughout the whole range of alloy com
sitions~thick solid line!. For the diluted alloys it is observe
that there are no systematic changes in the energy differe
between individual configurations. For the sake of this ana
sis it has been assumed that these differences are const
the whole range of alloy compositions. As a result, above
lines corresponding to the measured configurations there
parallel lines~thin solid! representing more germanium-ric
configurations, i.e., 1Ge, 2Ge, etc. for Au, and 10 , 20 , etc.
for Pt. The line separations are 35 and 40 meV for Au and

FIG. 7. Arrhenius plot for the 00 , 01 , and 10 lines observed in
the platinum-diffused Si0.99Ge0.01 sample.
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respectively. The full circles are the energies of the~2/0!
acceptors for both metals in pure germanium inferred fr
the above analysis. The error bars for the circles are
uncertainties resulting from the standard deviations of
measured alloy coefficients. Note that for the platinum c
this should be the extrapolation of the 412 line which points
at the acceptor state in pure germanium. If the separa
between 00 and 01 lines is around 10 meV the line 412
should be 120 meV above the 40 line. Actually, a modifica-
tion of the 4Ge line should also be applied as this line c
tains unresolved 40,41 ,...,412 lines. The full triangles are the
single-acceptor states of both metals in pure german
measured by Pearton using conventional DLTS.19

Despite the large errors there is an obvious corresp
dence between our measurements performed for l
germanium-content alloys and the energy levels known
pure germanium. One can also conclude from this anal
that in germanium-rich SiGe alloys the 4Si and 3Si~analogs
of 3Ge and 4Ge! and some other silicon-rich local configu
rations of both metals might not be observed, as from t
analysis they are expected to be resonant with the vale
band.

Gold and platinum siting preferences in the SiGe alloy

The individual peaks on the spectra shown in Figs. 2 a
3 are associated with local alloy configurations that are ba
on the pattern of peaks inferred from the diagram shown
Fig. 4. While the positions of the peaks on the emission-r
scale show how the electronic properties of the defect

FIG. 8. The measured ionization enthalpies for the 0Ge confi
ration of Au and the 00 configuration of Pt~crosses! overlaid on the
SiGe conduction-band variation, where all changes are relate
the top of the valence band~according to Ref. 18!. The full circles
with the error bars show the positions of both acceptor states w
the observed values from the 0–5 % alloy range are extrapolate
pure germanium. The triangles are the corresponding values m
sured in Ref. 19. See text for details.
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modified by alloying effects, the relative amplitudes of t
peaks provide us with data that can be interpreted in term
the concentrations of particular local alloy configuration
These amplitudes, when compared to a model of a perfe
random alloy, demonstrate deviations from a random dis
bution of the metals in the SiGe lattice.

Table I shows a comparison of relative peak amplitud
with those expected for a random alloy. These amplitu
are normalized to the amplitude of the 0Ge line for the c
of gold and to the 00 configuration for platinum for each
alloy composition. The experimental values have been
tained from many spectra taken under different experime
conditions with the errors obtained from a standard statist
analysis of these sets. It should be noticed that a gen
trend seen in the data presented in Table I is that the
served relative amplitudes of peaks are somewhat larger
expected for a perfectly random alloy. For the case of pl
num in samples with larger alloy compositions the Lapla
DLTS peaks are not so well separated; consequently,
though a general trend is seen, it is difficult to obtain una
biguous quantitative results.

Moreover, for a lower content of germanium in the crys
the expected theoretical values of the peak amplitudes a
the order of 1% of the amplitude of the main line. The
small signals are very difficult to quantify in terms of relativ
magnitude because of the limitations of the Laplace sp
trum calculations in the presence of a much larger sig
~0Ge! and experimental noise, as discussed previously.

The data presented in Table I show that during diffus
at 800 °C both metal atoms prefer to occupy sites in
lattice next to germanium. For the case of gold we conclu
that on average the relative concentration of the 1Ge c
figuration is approximately twice as big as would be e
pected for random siting. The site preference of gold can
translated to an estimate of the enthalpy difference betw
the 0Ge and 1Ge configurations of DHconf
5kT(800 °C! ln(2)>60 meV ~disregarding terms other tha
configuration entropy!. However, for the case of platinum
such an overpopulation effect for the germanium-r
sites is clearly seen only for the second-nearest-neigh
configuration.

Conventional DLTS measurements do not distinguish p
ticular local configurations; they are averaged. One can
sume that these configurations contribute to the conventi
DLTS line proportionally to their abundance in the crystal.
these concentrations are governed by a binomial distribu
then the average value of any defect parameter should
proportional to the alloy composition. Consequently, the
erage acceptor energy level in the SiGe band-gap diag
should be a line joining the energy of 0Ge in Si with that
4Ge in Ge. The dashed lines in Fig. 8 are the average ac
tor level energies of both metals measured by Me
Kringhøj, and Larsen11,12 using conventional DLTS. Mesl
et al. did not specify the standard deviations of their slop
however, these measurements were performed in a w
range of alloy compositions and thus we can expect that t
are quite accurate. When the dashed lines are extrapolat
pure germanium we get values above the real energies m
sured in germanium for both metals~full triangles in Fig. 8!.
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This observation means that in the 0–30 % range of a
compositions the measured average energy levels of
acceptors are above the expected average levels for a
fectly random alloy. Our results show that in a given all
composition for a more germanium-rich local configurati
the total energy level increases~see Fig. 8!. As a result, the
deviation of the measured average energy from the theo
cal one can be caused by the fact that the more german
rich local configuration concentrations are larger than
ones for a perfectly random alloy. This conclusion agre
again with our observation that for both metals there
a preference to be sited in a more germanium-rich lo
environment.

This relative overpopulation of sites close to germaniu
has been related to details of the microscopic mechanism
the diffusion of both metals in silicon by us in a previou
publication.14 It has already been well established that th
diffuse by a kick-out process. The diffusion proceeds as
metal impurity switches between an interstitial position an
substitutional position. The switching is accompanied by
movement of a host atom from the substitutional to the
terstitial site. The driving force for the accumulation of su
stitutional Au or Pt is the removal of the self-interstitial a
oms by sinks. This process seems to be easier for silicon
for the larger germanium atom. Moreover, it would be e
pected that due to elastic interactions it is harder to crea
pseudo-self-interstitial center~a germanium atom in the sili
con host! than a self-interstitial defect~a silicon atom in the
silicon host!. On the other hand, it is easier for germanium
break the longer and softer Ge-Si bonds during the crea
of the pseudo-self-interstitial defect than it is for the cor
sponding process involving only silicon atoms. The interp
of these competing energy terms during diffusion results i
preference for the metal atoms to reside on Si-substitutio
sites close to Ge.

Possible influence of the recombination-generation character
of the gold acceptor on the Laplace DLTS spectra

According to the Shockley-Hall-Read theory15 a mid-gap
defect can emit both carriers, i.e., electrons to the conduc
band and holes to the valence band, with comparable p
abilities. The DLTS technique always measures the sum
these emission rates, i.e.,en1ep , which results in the rates
for a near-mid-gap state being overestimated. For the s
reason the DLTS signal amplitude is underestimated as
multiplied by the termen /(en1ep) ~see, e.g., Ref. 12 for
details!. If the germanium content of the sample increas
then the gold acceptor level will approach the middle of t
band gap, making the hole emission process for all the lo
alloy configurations more pronounced. Among these c
figurations the ones having an energy level closer to the
lence band should exhibit this effect more strongly. For Si
alloys conventional DLTS measures an average gold ac
tor level and its interaction with the valence band is seen
an apparent decrease of the conventional DLTS peak am
tude for larger Ge content.12

Our studies were performed on crystals with low Ge co
tent and in consequence this effect is less important tha
9-7
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the cases reported in Ref. 12. However, if the hole emiss
has a measurable role it should manifest itself predomina
for the 5% alloy and for the 0Ge local configuration becau
the energy level of this configuration is the closest to
valence band. This effect, if present, could be observed
two ways.

First, if the contribution of the hole emission to the o
served overall emission process for the 0Ge configura
cannot be neglected then the emission rate should equaen

1ep rather thanen . The 0Ge peak should thus be shifte
toward higher emission rates. This shift should not be
served for the 1Ge configuration as in this case the inte
tion with the valence band is expected to be much wea
However, in the Laplace DLTS spectra this shift of the 0
peak is not observed because the emission-rate ratios
tween the 0Ge and 1Ge configurations for the 0.5%~consid-
ered here as a reference! and 5% alloys are virtually the
same. Moreover, the emission-rate ratio between the 0Ge
1Ge configurations for the 5% alloy is almost the same as
the 1Ge and 2Ge configurations in the same crystal, sugg
ing that the emission rate for 0Ge is not enhanced by
contribution of the hole emission process, at least within
accuracy of the numerical methods employed for the Lapl
spectra calculations.

Second, the amplitude of the 0Ge configuration peak
the 5% alloy should be smaller than expected, i.e., than
can infer from the binomial distribution of the local config
rations in a perfectly random alloy. This could be interpre
as an overpopulation of the germanium-rich local configu
tions around the gold atom in the SiGe matrix. However, t
alleged overpopulation should not be observed for other li
and alloy compositions as the interaction with the valen
band should be much weaker for all these remaining ca
In the Laplace DLTS spectra this overpopulation effect w
observed for all samples studied~see Table I! and also for
the 2Ge line in the 5% alloy, and thus cannot be a featur
only one peak in one alloy composition.

The value of the hole emission rate can be estimated f
the calculated accuracy of the position of the peak cente
gravity on the emission-rate scale in the Laplace DLTS sp
trum. The error of the peak emission rate depends, in g
eral, on the noise of the measured signal, but typically
smaller than 10% of the calculated value. Actually, all of t
numerical methods used for the Tikhonov regularizat
method16 calculate the value of the average emission rate
a given peak more precisely than the peak amplitude. C
sequently, if the hole emission rate is hidden in the emiss
rate error, then the peak amplitude is also underestimate
around 10%. In practice this amplitude underestimat
should relate only to the 0Ge line in the 5% alloy, and co
sequently it should give the wrong normalization value
the relative peak amplitudes detailed in Table I~a! for this
alloy. On the other hand, a simple comparison of theoret
and experimental ratios for 1Ge and 2Ge lines also sh
overpopulation of the 2Ge line configuration concentration
respect to the 1Ge concentration; this approach is free f
any incorrect normalization resulting from an underestima
concentration of 0Ge.
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Problem of a universal defect reference level in alloys

There are a number of different theories that attemp
define a universal reference energy level f
semiconductors.20 Such a level could be used for predictio
of the conduction- and/or valence-band discontinuities
band-gap engineering of heterojunctions or Schottky bar
parameters. Usually the theories are tested by using value
the hypothetical reference level for unalloyed semiconduc
materials and interpolated for alloys. This avoids unresolv
alloy effects. However, band-gap engineering rarely u
heterojunctions made from pure elemental or binary se
conductors but employs their alloys. Some of the theor
link the universal reference level to the defect energy le
related to a transition-metal impurity~see, e.g., Ref. 21!.

The universal defect energy level is defined here as
energy of the defect whose ground-state energy level is
subjected to any alloying effects. For thermal emission fr
such a level only the final state of the transition would exp
rience the alloying effects, but these would be identical
those for the bands. For the case of both acceptor le
considered in this study it would mean that we are look
for a defect configuration that is not disturbed by alloyin
i.e., the case where no germanium atoms can be prese
either first- or second-nearest neighbors.

As discussed above, defects in alloys do not have
unique energy level related to the ground state. If an atte
is made to discuss evolution of the ground-state energy le
as a function of the alloy composition, it is necessary to ke
in mind that in reality one deals with a convolution of co
tributions to the level from different local configurations
the alloy. As a result, it is possible to talk about the all
composition dependence of the defect energy level, provi
only the energy state related to one alloy configuration
different alloy compositions is observed. A natural choice
such a level would the ‘‘no germanium’’ configuration~0Ge
or 00 configurations, according to our notation! for alloys
having a low germanium content. These ‘‘no germanium
lines for gold and platinum would constitute true referen
levels showing how their energy separation from,
this case, the conduction-band edge, changes with a
composition.

For the case of gold the 00 line is not observed unambigu
ously in any of the samples due to the fact that at the ne
sary measurement temperature the method has insuffic
resolution. What we assigned in this case as the 0Ge lin
in reality a convolution of the 00,01,02 , etc. lines. In Fig. 2 it
is seen that the 0Ge line broadens for increasing german
content, which clearly shows that the second-nearest ne
bors, although not resolved as separate entities, play a
here. As a result, the 0Ge line is not the best candidate
the reference level for gold due to unknown contributio
from the second-nearest neighbors. For the case of platin
the 00 line has been observed as a separate line only in
0.5% and 1% samples, and their enthalpies are~within the
experimental error! identical to those known for pure silicon
For the 2% and 5% samples the 00 and 01 lines start to
merge, and, although seen, it is impossible to assign t
center of gravity for an Arrhenius plot analysis. As a resu
9-8
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the numerical procedures used are unable to give param
of these lines separately, and the Arrhenius plots in th
cases have to be considered as actual plots of the 0Ge lin
was done in the case of gold. For these two samples
enthalpies are considerable larger than for pure silicon,
again these values are not the best candidates for the r
ence levels.

Some problems with unambiguous assignment of the t
perature shifts of the ‘‘no germanium’’ peaks and, as a c
sequence, the large standard deviation errors for the a
coefficients makes any comparison of the data prese
with the band offsets known from other experiments rat
inconclusive. For the relaxed SiGe alloys~bulk! it has been
concluded22 from an analysis of the Schottky barrier heigh
for Si and Ge that most of the band-gap variation as a fu
tion of the alloy composition is due to a shift of the valen
band. According to the data given in Ref. 22, if the all
composition changes from 0% to 100% then the band
shrinks by 0.45 eV while the top of the valence band mo
up by 0.38 eV. According to our notation, this shift of th
reference level related to the top of the valence band sh
be (20.4310.05) eV. For the case of the gold accep
level, if we assume that the level position of the 4Ge co
figuration in pure Ge measured by Pearton19 is the correct
value, then in reality the alloy coefficient of the 0Ge config
ration is 0.24 eV smaller~in absolute value! than we have
measured and equals (20.4320.18) eV. If we assume tha
in the relaxed SiGe alloys the reference level follows
gold acceptor level~according to Langer and Heinrich21!
then this value shows again that most of the band-gap
crease should be due to a shift of the top of the valence b
and this shift should be much stronger than was conclude
Ref. 22. A similar analysis using the data of Pearton19 for the
platinum acceptor gives an even larger discrepancy with
data of Ref. 22. Finally, if one attempts to deduce the val
of the alloy coefficients of the reference levels in SiGe o
has to keep in mind that the band offsets in this alloy sys
are extremely sensitive to any strain in the crystal~see, e.g.,
Ref. 23 for details!.
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SUMMARY

High-resolution Laplace DLTS spectra for gold- o
platinum-diffused SiGe samples show an alloy splitting th
we associate with the alloy fluctuations in the proximity
the defect. For the case of platinum we can distinguish
tween the effect of the level splitting caused by alloying
the first and in the second shells of surrounding atoms.
the case of the gold acceptor only the effect from the fi
shell of atoms is observable but the manifestation of alloy
in the second-nearest shell can be seen as line broade
i.e., we cannot resolve the alloy splitting in the gold case.
have found that the electronic energy level is affected
alloying in the first-nearest neighborhood by a factor of 2
more than by alloying in the second-nearest shell. The ab
lute values of the energy differences obtained from
Arrhenius plots for different defect configurations agree w
these inferred from the peak separations observed in
spectra. Quantitative differences in the spectra for the
different transition metals are due only to preferential expe
mental conditions~the higher resolution of the method! for
the case of platinum than for gold. A clear preference
gold and platinum to enter substitutional Si sites adjacen
Ge has been revealed. This may be interpreted in terms o
enthalpy lowering as a result of the fact that both metals
able to replace the host silicon atom more easily in the s
stitutional position than the germanium atom.
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