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High-resolution deep-level transient spectroscopy studies of gold and platinum acceptor
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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.
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INTRODUCTION The resolution of conventional DLTS techniquekefined

as the ability to recognize two close emission ratiesat
In semiconductor materials the electronic levels of pointmost a factor of 10 in the rate, provided one can perform a

defects, which result from the binding of carriers on local-reliable and unambiguous line-fitting procedfirie. practice
ized orbits, are sensitive to details of the atomic configurathe resolution is much worse. This value can be translated
tion in their close vicinity. Thermal excitation of such de- j 5 the energy resolution for the activation energy of the

fects results in transitions of carriers from the defect to EitheEhermaI emission process. Usually DLTS measurements are

the conduction or valence band, i.e., delocalization of Cam'performed in a temperature range between 100 and 300 K.

ers. As a result, for semiconductor alloys, the thermal emist ~. ) .
This translates as an energy resolution for conventional

sion process reflects the spatial fluctuations in local alloy i
composition affecting the initial state of the transition. This PLTS measurement ranging between 20 and 60 meV. These

is because the alloy fluctuations are well averaged for th¥alues are in most cases insufficient to see the real alloy
final state of the carrier in the band. In these cases the theeffects for defects in semiconducting allofgee the discus-
mal emission spectra obtained by techniques such as deegpion on real and apparent alloy effects observed for the case
level transient spectroscodLTS) may reveal a structure of the DX centers in AlGa, _,As given in Ref. 5.
that can be interpreted in terms of “alloy splitting” of the ~ The emission-rate resolution offered by high-resolution
bound-state total enerdy® “Laplace” DLTS,” as used in this study, is much higher than
In ternary semiconductor alloys the alloying effect occursfor conventional DLTS. In Laplace DLTS no line-fitting pro-
in every second shell of atoms; thus usually one assumes theédure is necessary. This high resolution enables a uniquely
only one shell of atoms influences the properties of thedetailed mapping of environmental effects on deep centers
ground state of the localized defect. For binary alloys, suclwithin dilute SiGe. We show that emission spectra obtained
as SiGe, one can expect that at least two shells of atoms mdgr the platinum and gold acceptor states display a fine struc-
influence the electronic properties of the defect; however, théure that can be interpreted as the effect of alloy splitting in
alloy splittings originating from different shells of atoms are terms of the relative number of silicon and germanium atoms
not equivalent. Consequently, investigations of the alloyin the immediate proximity of the transition metal. Both de-
splitting effects for defects in binary alloys can be extremelyfects have been studied previously in great detail for pure
informative provided the experimental technique offers suf-Si.>° and some conventional DLTS results are available for
ficient resolution to see the effects originating from differentSiGe alloys:®~*? For the case of platinum we are able to
shells of atoms. recognize the alloying effects originating from the first and
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FIG. 1. Conventional DLTS spectra for electron emission from  F|G. 2. Laplace DLTS spectra of gold-diffused samples having
ann-type SposGey o5 Crystal diffused with platinunfupper curvgé  different germanium content. For each of the spectra the main lines
and gold(lower curve. In both cases one featureless line related tohayve been aligned and normalized to the spectrum for the 5%
the acceptor state for each of the metals is observed. sample according to the procedure described in the text.

second shells of atoms while for the case of the gold acceptor RESULTS AND DISCUSSION
state the influence of both shells on the emission is observed
indirectly. We further show by analyzing the relative concen- )
trations of different local alloy configurations that both tran-  Figures 2 and 3 show Laplace DLTS spectra for gold and

sition metals display a preference for sites next to Ge wheRlatinum acceptors in SiGe alloys with 0-5% of Ge, respec-
they are diffused into the alloy. tively. The spectra have been normalized in terms of the

magnitude and emission rate of the 0Ge line. This enables a
direct comparison to be made between the various samples.
Some of the spectra for a given impurity have not been mea-
sured at exactly the same temperatures, and the alloying al-
Most of the samples used in this study were grown byters the band gap of the semiconductor, which causes a shift
molecular-beam epitaxy ofil00) Si substrates. The alloy
composition of the active layer of Si,Ge, (4 um thick)
was 0, 0.5, 1, 2, or 5 at. %. Between the active layer and the
substrate compositionally graded buffer layers were grown in
order to accommodate lattice-mismatch strain and reduce the
number of misfit dislocationésee Ref. 13 for details of the
growth procedure Samples grown according to this proce-
dure are known to have a low density of dislocations
(<10°cm™® and a low concentration of deep levels
(<10*cm3). The uniform active layers weretype, doped
with 5X 10'°Sb cm 3. Both p™n-mesa and Schottky diodes
were used in this study. The dopant met@iher Pt or Ay
were diffused into the layers at 800 °C for 24 h. In the case
of the mesa diodes this was done throughghdayer and in
the case of the Schottky diodes prior to diode formation.
Figure 1 shows conventional DLTS spectra for two
samples prepared from the same 36, o5 crystal. One
sample was diffused with gold and the other with platinum.

Alloy splitting effect for gold and platinum
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In both cases one peak is observed on each of the spectra, Emission rate (8-1)

which can be attributed to the well-known acceptor states of

the transition metals in the substitutional positions. Although FIG. 3. Laplace DLTS spectra of platinum-diffused samples

the sample active layers are prepared from a semiconduct@gving different germanium content. For each of the spectra the
alloy no structure is observed within the peaks of theseanain lines have been aligned and normalized to the spectrum for
spectra. the 5% sample.
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of the main features on the spectra so that they cannot be TABLE I. Relative concentration of different local environment
overlaid without normalization. The emission process has agonfigurations foi(a) gold and(b) platinum acceptors in SiGe alloy

activation character, i.e., is governed by the formula compositions. “Theoretical” values inferred from an analysis of a
perfectly random alloy(see diagram in Fig. J4are compared to

ratios of peak amplitudes assigned to the Laplace DLTS spectra.
The lines not observed in the spectra are marked n/o.

e,=Aexp —E,/kT), (1)
Composition(% of Ge Theory Experiment Theory Experiment
whereE, is the activation energy for thermal emissidnis (aAu normalized to 0Ge
the measurement temperatukeis the Boltzmann constant, 1Ge(lgt+1+++1)  2Ge(2p+2;+:+7)

andA is a constant. Note that the const@ntontains other
defect parameters like the capture cross section and the en-
tropy term; however, for visualization of differences between

0.5 0.020 0.060.03 n/o
0.043 0.0&0.03

different local alloy configurations we assume that any 2 0.078 0.130.04 0.002

changes in the defect capture cross section and entropy are 5 0.21 0.3&0.04 0.015 0.050.03
hidden in changes of the activation energy of the emission. (b) Pt normalized to

Moreover, in the general case the preexponential factor 0y 1

should depend on the temperatureTds When the Laplace
DLTS spectra are taken at different temperatures for the
Arrhenius type of spectral analysis thi& dependence is
explicitly used.

In Figs. 2 and 3 the spectra have been shifted horizontally . . .
in order to align the main peak of each spectrum. When théaghborhood of the defect. The light gray bar diagram rep-

spectra measured at two different temperatdreandT, are resents probabilities of finding the alloy configuration having

compared, the horizontal axis for each of the spectra has 9, one, or two of four germanium atontassigned here as
be recalculated according to the formula [ehfT,)] Ge, 1Ge, and 2Ge, respectively the first shell of atoms.

b . When the second shell of atoms is taken into account these

'Frgl{‘Ti)an[len(iTl)\} ;’i\éjh'Ch I|sna d'fg CE cc:]n:ts?quefncr:?ro:nl'ﬁ’_m): lines split into subsets which are depicted by dark gray bars.

ths ormuia 15 a'ld ats_ 0 gf?h‘élz f’ 0 'O(t)h arfro ‘ riA The lines in these split sets are now marked by figures with

ofherwise a consideration o erm in the consta subscripts, where the figures and subscripts refer to the num-
becomes necessary. This recalculation procedure compe

sates for the fact that the Laplace DLTS spectrum foragiverggir r?lfm%ﬁg@gmrlgsn :ég\r/r;sl I the first- and second-nearest
sample covers a wider range on the frequency scale when g » resp Y
it is taken at a lower temperature than at a higher tempera-
ture (the resolution of the method is proportional to the 0.8 - 0Ge Si Ge
temperaturg : 095 0.0
When the germanium content in the crystal increases ad-
ditional features in the Pt- and Au-related Laplace DLTS .- _.Si
spectra appear on the high-frequency side of the main line. A 06 .
simple analysis of the conventional DLTS line shape allows . Lo
us to conclude that these features can cause a broadening 0 2 :
the conventional DLTS peak on the low-temperature side.
This will happen if the emission rate differs from the emis-
sion rate of the main line by less than a factor of 4 and the
amplitude is larger than 50% of the main-line amplitude.
Figure 2 and Table(& show that for the case of the gold
acceptor state these conditions are not fulfilled and the con-
ventional DLTS peak seen in Fig. 1 is not significantly
broadened although a small shoulder on the low-temperature
side is observed. For the case of the platinum acceptor the
additional features are less well separated on the emission-

0.5 0.062 0.160.05 0.020 n/o
1 0.12 0.2%0.05 0.042 0.030.02

5

Probabili

rate scale, so that the conventional DLTS line in Fig. 1 is . 0 1 2
broadened with respect to the line observed in the pure sili- Number of Ge atoms in the first NN
con sample.

Clear trends are seen on the spectra in Figs. 2 and 3 for £ig. 4. Flat diagram of the SiGe alloy showing two shells of
both impurities which allow us to associate the features reatoms surrounding the metal impurity. The light gray bars show
sulting from increasing germanium content with different lo- probabilities of finding a given number of germanium atoms in the
cal configurations of the alloy in the vicinity of the metal first-nearest neighborhood of the metal for the random alloy having
atom!* Figure 4 shows a schematic flat diagram of the ran5% of germanium. These lines split into subsetark gray barsif
dom alloy(for 5% of Ge in the first- and the second-nearest one assumes that the second-nearest neighborhood plays a role.
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Si  Ge It is seen that when the center of gravity of the three
0.99  0.01 left-hand-side lines seen for the platinum spectrum is aligned
with the center of gravity of the 0Ge line of the Au spectrum,
the right-hand-side line of platinum aligns with the 1Ge line
Pt (-/0) at 110K of gold. This means that in both cases the alloy splitting of
the energy level caused by a replacement of one silicon atom
among the first-nearest neighbors of either the gold or the
platinum by germanium is around35 meV. For the case of
platinum a similar change in the second-nearest neighbor-
hood results in a change in the defect energy by approxi-

Laplace DLTS amplitude (arb. units)

0Ge mately —10 meV. _ o
Au (-/0) at 250K The spectra for the gold acceptor deplcted. in Fig. 2
clearly show that the main 0Ge line broadens with increase
P— of the Ge content but never splits into components as ob-
1Ge 2Ge served for the case of platinum. In order to understand this
/\ Fan observation one should remember that the energy resolution

T of the Laplace DLTS technique is almost inversely propor-
0 20 40 60 tional to the temperature at which the spectrum is taken. This
-AE (meV) means that the platinum spectrum was obtained with a factor
of 2.5 higher resolution than the gold spectrum. As a result,
FIG. 5. Two Laplace DLTS spectra for the platinum and gold @n additional splitting of the gold 0Ge line is revealed in the
acceptor states in §igGe, 0, Where the emission-rate scale has platinum case. The error bars in Fig. 5 show the energy reso-
been recalculated as an energy-difference scale using forghula lution for both spectra when an emission-rate resolution
See text for details. derstood here as the ability of the numerical methods to dis-
tinguish two emission ratediffering by a factor of 2 is
assumed.
On the other hand, one could expect that although the 0Ge
e cannot split it should become asymmetric when the Ge

A comparison of the diagrams for 5% of Ge in the alloy-
with the spectra for the corresponding alloy leads to thqin

conclgsmn that the structure seen on the spectra Is a Manlyntent increases. This effect is not observed in the spectra
festation OT the aII_oymg, where only the role of the ﬂrst- shown in Fig. 2. We explain this lack of expected asymmetry
nearest neighbors is apparent for the case of gold, while thg,- 1he 0Ge line as a manifestation of limitations of the
influence of the first and second neighbors can be seen in thgkhonov regularization method which we use for the
thermal emission process for the case of platinum. The peakaplace transform inversiolf. This method allows us to find
assignments for the spectra in Figs. 2 and 3 and the diagragibod approximations for the Laplace spectrum with a clear
from Fig. 4 are the same. Note that the Laplace DLTS specresolution limit. When two features in the spectrum differ in
tra shown for the 5% samples in Figs. 2 and 3 correspond temission rate by less than the resolution limit of the method
the conventional DLTS spectra shown in Fig. 1 for the saméa factor of around Rthe Tikhonov method will show these
samples. Similar bar diagrams can be constructed for othdeatures as one broad asgmmetricline. However, if the
alloy compositions, reproducing tendencies in particular alline separation is larger than the resolution limit then the line
loy configuration concentrations. For alloy compositionsstarts to be truly asymmetric; sometimes it splits, sometimes
above 5%(samples with the germanium content up to 25%a small shoulder on the strong line appears depending on the
have been checkgdhe thermal emission becomes less wellnoise level. Problems related to the Tikhonov regularization
defined with many contributing features, which makes themethod resolution and the role of noise there have recently
numerical procedures for the calculations of the Laplacd€en reviewed by Istratov and Vyvenko in Ref. 17.
DLTS spectra unstable and inconclusive. o .
Defect ionization enthalpies

The diagram shown in Fig. 5 enables the differences be-
tween apparent activation energies for different defect con-

Figure 5 shows two Laplace DLTS spectra of the gold andigurations to be evaluated. This evaluation is based on for-
platinum acceptors in a SiGe alloy with 1% Ge. These meamula (1) where it is assumed that the carrier capture cross
surements were carried out at different temperatures; howsectionghidden in the constark of Eq. (1)] for these con-
ever, for direct comparison of the spectra the frequency scaligurations do not depend on the local alloy composition. It is
has been converted to an energy-difference scale using reot necessary to make this assumption when the energy dif-
modification of the formuldl), AE=—kTIn(e,/e,), where ference is evaluated from the absolute values of the activa-
€0 is an arbitrary reference frequency. Note that in this fig-tion enthalpies. The conventional DLTS procedure is to find
ure larger energy values mean a decrease of the activatidhese values from Arrhenius plots, i.e., from theelT?)
energy for the emission, i.e., a faster emission process. Suatersus 1T dependence. If the Laplace DLTS measurements
a presentation of the spectra allows a direct comparison adre performed on defects producing rather broad spectra this
the influence of the alloy on the defect energy levels irreprocedure, although in principle possible, has limited appli-
spective of some aspects of the experimental conditions, ipability. In order to construct a conclusive Arrhenius plot it
this case the temperature of the measurement. is necessary to observe a stable Laplace spectrum over a

Equivalency of the alloy effect for both impurities
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significantly wide temperature range. The high-temperature TABLE Il. Thermal emission activation energi¢® meV) for

limit for an Arrhenius-type analysis is reached when spectrathe main and some subsidiary lines in the Laplace DLTS spectra for
features having the fastest emission rates start to approaél gold and(b) platinum acceptors in different SiGe alloy compo-
the highest measurement frequency of the experimentél't'ons' The lines not observed in the spectra are marked by n/o.
setup. The low-temperature limit is reached when the emis-

sion rate for the slowest features in the spectrum is so Iov& @
that the transient averaging procedure no longer reduces tlz
experimental low-frequency noise coming from the tempera:

omposition
& of Ge 0Ge 1Ge

ture fluctuation, 1f/, or the power line. As a result of the 0 547+2 n/o

increase of the total noise the Laplace DLTS method loses 0.5 548+ 8

resolution. Consequently, the broader Laplace DLTS spec- 1 550+ 10

trum has a narrower temperature range available for an » 543+ 7

Arrhenius-type analysis than &function spectrum. 5 580+ 20 550+ 40
For gold and platinum acceptor states in SiGe diluted al-

loys the Arrhenius type of emission-rate analysis brings an- (b)

other complication. Although it could be expected that for .
low germanium content the Laplace DLTS spectra would b&omposition

narrower and more advantageous for the observation of dif% of G 0o 0, Lo
ferent component emission rates over a wide range of tem- 295+ 4 n/o n/o
peratures, the amplitudes of these components are small as a g 2311 220+ 20 nlo

result of the low germanium content. In some cases this

221+3 219+10 190+ 30
makes the Laplace DLTS spectrum unstable at extreme tem- 262+ 30
peratures, which again narrows the possible range of tem- 255+ 20

peratures available for observation of these small features.
As a result, in the Laplace DLTS experiment it is much
easier to obtain a spectrum demonstrating the relative differrly, at least in the energy trend, with the estimate obtained
ences between the features in the spectra than to evaluate thlem the peak separation for the spectrum shown in Fig. 5.
absolute values of the ionization enthalpies. In the first cas&@he 2% sample was not as high quality as the other layers
the sample temperature and the data acquisition parameteasd consequently we have only been able to construct an
can be optimized specifically for each particular sample inArrhenius plot for the main line. For the sample with 5% of
order to obtain the best signal-to-noise ratio—a consideratiogermanium the spectra become too broad, which again
essential for stable Laplace DLTS spectra. The results obmakes the Arrhenius plots inconclusive for other then the
tained for gold and platinum in cases where the Arrheniusnain lines.

type of analysis was possible are gathered in Tablesdihd

[I(b). Figures 6 and 7 show the Arrhenius diagrams for somé=quivalency of Laplace and conventional DLTS measurements
gold- and platinum-diffused samples. on Au and Pt acceptor states in SiGe

For the 5% sample the ionization enthalpies for the 0Ge Tpq Laplace DLTS technique allows one to observe indi-

and 1Ge line4580+20 and 556:40 meV, respectively, as iqyal local alloy configurations around the central atom of
shown in Fig. 6 are consistent with the spectra shown in Fig.

2, i.e., the defect configuration having slower emission rate is
characterized by a larger activation energy for the emission i
process. For this sample the horizontal axis of the Laplace
DLTS spectrum can be converted to an energy scale as in
Fig. 5. This allows the relative difference of the activation
energies to be evaluated. For these two configurations it is
around 35 meV, which is consistent with the difference in
the two enthalpies, keeping in mind the standard deviations
for these two values.

The spectra observed for the platinum acceptor case con-
stitute a much less favorable situation for performing an
Arrhenius-type analysis. They are much broader with more
features—a situation that reduces the available temperature 1E-4 3 580 £ 20 meV
range for measurements. For the 0.5% and 1% samples, be- ] * 0Ge
sides the main @line, the subsidiary Pline could be ana- 1 - 1 - 1 1
lyzed, and also theglline for the 1% sample. The absolute 37 3.8 3.9 , 4.0 4.1
energy separation for they@nd 1 lines in the 1% sample 1000/T (K™)

(see Fig. 7 is consistent with the value obtained from Fig. 5.
In addition, the difference between the enthalpies for the 0 FIG. 6. Arrhenius plot for the 0Ge and 1Ge lines observed in the
and O, lines for the 0.5% and 1% samples agrees satisfactagold-diffused Sj o=G&, o5 Sample.

S'o.gsGeo.os:Au

550 + 40 meV

n

o 1Ge

Log(e /T%) (s'K?)
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FIG. 7. Arrhenius plot for the §, 0,, and 1 lines observed in

the platinum-diffused $d>e 0, SAMple. FIG. 8. The measured ionization enthalpies for the 0Ge configu-

. ration of Au and the g configuration of P{crossesoverlaid on the
the defect. However, at least for the elemental Seml(:Omjuct(giGe conduction-band variation, where all changes are related to

a::oys, tuls m?]thod. gIV(iS pogcluswbe reSfU|ts ?nly fc.)r dIIUtedthe top of the valence bandccording to Ref. 18 The full circles
alloys where there Is a limited number of configurations CoNv i the error bars show the positions of both acceptor states when

tributing to t_he signal. On the other hapd,_ the (_:onventiona he observed values from the 0—5 % alloy range are extrapolated to
DLTS techn_lque does not suffer from this _Ilmltatl_on, and thepure germanium. The triangles are the corresponding values mea-
results obtained for both acceptor states in a wider range Qfred in Ref. 19. See text for details.

alloys are availablé®~*2 Conventional DLTS measurements

performed on alloys provide an energy level that is an unre- _ . .

solved convolution of all the levels originating from different "eSPectively. The full circles are the energies of the0)

alloy configurations and thus it is important to compare re-2CCEptors for bOth. metals in pure germanium _mferred from
sults from these two techniques. the above analysis. The error bars for the circles are the

A standard linear-regression analysis has been performé{pcertainties resulting .from the standard deviatiqns of the
for the data presented in the first column of Table II. ThemfEaSLJrEEOI alloy coefficients. _Note that fc_)r the platlnu_m case
reciprocal values of the standard deviations of individual valNiS should be the extrapolation of thg;dine which points
ues have been used as their weights. From this procedure it the acceptor state in pure germanium. If the separation
concluded that the activation energy for emission from the’€ween @ and 0§, lines is around 10 meV the line,4
Au acceptor state 0Ge configuration increases with increagnould be 120 meV above the #ne. Actually, a modifica-
ing Ge content with the ratdE, /dx=0.42+0.25eV. The tlo_n of the 4Ge line should glso be applled_ as this line con-
same analysis for the Pt acceptor stajeonfiguration gave ta_uns unresolved #4,...,4, lines. The fuII. triangles are thg
0.56+0.42eV. Figure 8 shows measured energies for bot/ingle-acceptor states of both metals in pure germanium
configurations(crosses overlaid on the SiGe conduction- Measured by Pearton using conventional DLYs.
band variation, where all changes are related to the top of the Despite the large errors there is an obvious correspon-
valence band. The above alloy coefficients are increased Hjence between our measurements performed for low-
the initial slope of the conduction band, equal to 0.43 ev.germanium-content alloys and the energy levels known for
The changes of the bottom of the conduction band as a fundure germanium. One can also conclude from this analysis
tion of the alloy composition have been taken from Ref. 18that in germanium-rich SiGe alloys the 4Si and &8ialogs

In F|g 8 the a”oy dependency inferred from the linear- of 3Ge and 4Gba.nd some other silicon-rich local ConﬁgU'
regression procedure for the 0—5 % alloy composition rangéations of both metals might not be observed, as from this
is extrapolated throughout the whole range of alloy compoanalysis they are expected to be resonant with the valence
sitions (thick solid line. For the diluted alloys it is observed band.
that there are no systematic changes in the energy differences
between individual configurations. For the sake of this analy-
sis it has been assumed that these differences are constant in
the whole range of alloy compositions. As a result, above the The individual peaks on the spectra shown in Figs. 2 and
lines corresponding to the measured configurations there aBare associated with local alloy configurations that are based
parallel lines(thin solid) representing more germanium-rich on the pattern of peaks inferred from the diagram shown in
configurations, i.e., 1Ge, 2Ge, etc. for Au, angl By, etc.  Fig. 4. While the positions of the peaks on the emission-rate
for Pt. The line separations are 35 and 40 meV for Au and Ptscale show how the electronic properties of the defect are

Gold and platinum siting preferences in the SiGe alloy
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modified by alloying effects, the relative amplitudes of theThis observation means that in the 0—-30% range of alloy
peaks provide us with data that can be interpreted in terms afompositions the measured average energy levels of both
the concentrations of particular local alloy configurations.acceptors are above the expected average levels for a per-
These amplitudes, when compared to a model of a perfectlfectly random alloy. Our results show that in a given alloy
random alloy, demonstrate deviations from a random districomposition for a more germanium-rich local configuration
bution of the metals in the SiGe lattice. the total energy level increasésee Fig. 8 As a result, the
Table | shows a comparison of relative peak amp”tudeé:ieviation of the measured average energy from the theoreti-

with those expected for a random alloy. These amplitude§2! One can be caused by the fact that the more germanium-
are normalized to the amplitude of the 0Ge line for the caséich local configuration concentrations are Iarggr than the
of gold and to the @ configuration for platinum for each ©ON€S for_ a perfectly rano_lom alloy. This conclusion agrees
alloy composition. The experimental values have been ob@9@in Wwith our observation that for both metals there is
tained from many spectra taken under different experimentdt Preference to be sited in a more germanium-rich local
conditions with the errors obtained from a standard statisticafnvironment. , , _
analysis of these sets. It should be noticed that a general TNiS relative overpopulation of sites close to germanium
trend seen in the data presented in Table | is that the o1as been related to details of the microscopic mechanism of

served relative amplitudes of peaks are somewnhat larger thdf€ diffusion of both metals in silicon by us in a previous

expected for a perfectly random alloy. For the case of p|aﬁpublication.14 It has already been well established that they

num in samples with larger alloy compositions the Laplacediffuse by a kick-out process. The diffusion proceeds as the

DLTS peaks are not so well separated; consequently ajnetal impurity switches between an interstitial position and a
though a general trend is seen, it is difficult to obtain unamSuPstitutional position. The switching is accompanied by the
biguous quantitative results. movement of a host atom from the substitutional to the in-

Moreover, for a lower content of germanium in the Crysta|terstitial site. The driving force for the accumulation of sub-

the expected theoretical values of the peak amplitudes are §fitutional Au or Ptis the removal of the self-intersitial at-
the order of 1% of the amplitude of the main line. These®MS by sinks. This process seems to be easier for silicon than
small signals are very difficult to quantify in terms of relative fOr the larger germanium atom. Moreover, it would be ex-
magnitude because of the limitations of the Laplace Specpected that due to elastic interactions it is harder to create a
trum calculations in the presence of a much larger signaPSeudo-self-interstitial centéa germanium atom in the sili-
(0Ge and experimental noise, as discussed previously. con host than a self-interstitial defeca silicon atom in the

The data presented in Table | show that during diffusionsilicon hos}. On the other hand, it i.s easier for_germanium to
at 800°C both metal atoms prefer to occupy sites in thdreak the longer and soft'e.r Ge-Si bonds _dwmg the creation
lattice next to germanium. For the case of gold we conclud®f the_pseudo-self_-lnters_,tltlal defe_c_t than it is for th_e corre-
that on average the relative concentration of the 1Ge corsPOnding process involving only silicon atoms. The interplay
figuration is approximately twice as big as would be ex-Of these competing energy terms durlr)g dlffu3|pn resglts.m a
pected for random siting. The site preference of gold can p@reference for the metal atoms to reside on Si-substitutional

translated to an estimate of the enthalpy difference betweefit€S close to Ge.
the 0Ge and 1Ge configurations  of AHqgpu
=kT(800°Q In(2)=60 meV (disregarding terms other than
configuration entropy However, for the case of platinum
such an overpopulation effect for the germanium-rich
sites is clearly seen only for the second-nearest-neighbor According to the Shockley-Hall-Read thebtya mid-gap
configuration. defect can emit both carriers, i.e., electrons to the conduction
Conventional DLTS measurements do not distinguish parband and holes to the valence band, with comparable prob-
ticular local configurations; they are averaged. One can asbilities. The DLTS technique always measures the sum of
sume that these configurations contribute to the conventionghese emission rates, i.@,+e,, which results in the rates
DLTS line proportionally to their abundance in the crystal. If for a near-mid-gap state being overestimated. For the same
these concentrations are governed by a binomial distributioreason the DLTS signal amplitude is underestimated as it is
then the average value of any defect parameter should baultiplied by the terme,/(e,+e€;) (see, e.g., Ref. 12 for
proportional to the alloy composition. Consequently, the av-detailg. If the germanium content of the sample increases
erage acceptor energy level in the SiGe band-gap diagrathen the gold acceptor level will approach the middle of the
should be a line joining the energy of 0Ge in Si with that of band gap, making the hole emission process for all the local
4Ge in Ge. The dashed lines in Fig. 8 are the average acceploy configurations more pronounced. Among these con-
tor level energies of both metals measured by Meslifigurations the ones having an energy level closer to the va-
Kringhgj, and Larseft!? using conventional DLTS. Mesli lence band should exhibit this effect more strongly. For SiGe
et al. did not specify the standard deviations of their slopesalloys conventional DLTS measures an average gold accep-
however, these measurements were performed in a wid®r level and its interaction with the valence band is seen as
range of alloy compositions and thus we can expect that thegn apparent decrease of the conventional DLTS peak ampli-
are quite accurate. When the dashed lines are extrapolatedtiode for larger Ge content.
pure germanium we get values above the real energies mea- Our studies were performed on crystals with low Ge con-
sured in germanium for both metdfsill triangles in Fig. 8.  tent and in consequence this effect is less important than in

Possible influence of the recombination-generation character
of the gold acceptor on the Laplace DLTS spectra
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the cases reported in Ref. 12. However, if the hole emission  Problem of a universal defect reference level in alloys

has a measurable role it should manifest itself predominantly There are a number of different theories that attempt to
for the 5% alloy and for the 0Ge local configuration becausgyefine a universal reference energy level  for

the energy level of this configuration is the closest to thegemiconductor’ Such a level could be used for prediction
valence band. This effect, if present, could be observed iRt the conduction- and/or valence-band discontinuities in

two ways. o o band-gap engineering of heterojunctions or Schottky barrier
First, if the contribution of the hole emission to the ob- 53 meters. Usually the theories are tested by using values of
served overall emission process for the 0Ge configuratioge hynothetical reference level for unalloyed semiconductor
cannot be neglected then the emission rate should equal materials and interpolated for alloys. This avoids unresolved
+ep rather thane,. The 0Ge peak should thus be shifted 45y effects. However, band-gap engineering rarely uses
toward higher emission rates. This shift should not be Obheterojunctions made from pure elemental or binary semi-

served for the 1Ge configuration as in this case the interagspnductors but employs their alloys. Some of the theories
tion with the valence band is expected to be much weakefny the universal reference level to the defect energy level
However, in the Laplace DLTS spectra this shift of the 0Ge g|ated to a transition-metal impuritgee, e.g., Ref. 21

peak is not observed because the emission-rate ratios be- The universal defect energy level is defined here as the

tween the 0Ge and 1Ge configurations for the 06#nsid-  gnergy of the defect whose ground-state energy level is not
ered here as a referenceand 5% alloys are virtually the gpjected to any alloying effects. For thermal emission from
same. Moreover, the emission-rate ratio between the 0Ge angch 5 level only the final state of the transition would expe-
1Ge configurations for the 5% alloy is almost the same as fofience the alloying effects, but these would be identical to
the 1Ge and 2Ge configurations in the same crystal, suggesfiose for the bands. For the case of both acceptor levels
ing that the emission rate for 0Ge is not enhanced by anyqnsidered in this study it would mean that we are looking
contribution of the holg emission process, at least within thgy, 5 gefect configuration that is not disturbed by alloying,
accuracy of the pumerlcal methods employed for the Laplacge  the case where no germanium atoms can be present as
spectra calculations. either first- or second-nearest neighbors.

Second, the amplitude of the 0Ge configuration peak in As discussed above, defects in alloys do not have a
the 5% alloy should be smaller than expected, i.e., than ongnique energy level related to the ground state. If an attempt
can infer from the binomial distribution of the local configu- is made to discuss evolution of the ground-state energy level
rations in a perfectly random alloy. This could be interpretedas a function of the alloy composition, it is necessary to keep
as an overpopulation of the germanium-rich local configurain mind that in reality one deals with a convolution of con-
tions around the gold atom in the SiGe matrix. However, thidributions to the level from different local configurations of
alleged overpopulation should not be observed for other linethe alloy. As a result, it is possible to talk about the alloy
and alloy compositions as the interaction with the valencecomposition dependence of the defect energy level, provided
band should be much weaker for all these remaining casesnly the energy state related to one alloy configuration for
In the Laplace DLTS spectra this overpopulation effect wadlifferent alloy compositions is observed. A natural choice for
observed for all samples studig¢see Table )l and also for such a level would the “no germanium” configuratiédGe
the 2Ge line in the 5% alloy, and thus cannot be a feature ofr Oy configurations, according to our notatjofor alloys
only one peak in one alloy composition. having a low germanium content. These “no germanium”

The value of the hole emission rate can be estimated frortines for gold and platinum would constitute true reference
the calculated accuracy of the position of the peak center devels showing how their energy separation from, in
gravity on the emission-rate scale in the Laplace DLTS specthis case, the conduction-band edge, changes with alloy
trum. The error of the peak emission rate depends, in gersomposition.
eral, on the noise of the measured signal, but typically is For the case of gold the,dine is not observed unambigu-
smaller than 10% of the calculated value. Actually, all of theously in any of the samples due to the fact that at the neces-
numerical methods used for the Tikhonov regularizationsary measurement temperature the method has insufficient
method?® calculate the value of the average emission rate foresolution. What we assigned in this case as the 0Ge line is
a given peak more precisely than the peak amplitude. Corin reality a convolution of the §0,,0,, etc. lines. In Fig. 2 it
sequently, if the hole emission rate is hidden in the emissionis seen that the 0Ge line broadens for increasing germanium
rate error, then the peak amplitude is also underestimated lyontent, which clearly shows that the second-nearest neigh-
around 10%. In practice this amplitude underestimatiorbors, although not resolved as separate entities, play a role
should relate only to the 0Ge line in the 5% alloy, and con-here. As a result, the 0Ge line is not the best candidate for
sequently it should give the wrong normalization value forthe reference level for gold due to unknown contributions
the relative peak amplitudes detailed in Tabla) lfor this  from the second-nearest neighbors. For the case of platinum,
alloy. On the other hand, a simple comparison of theoreticathe G, line has been observed as a separate line only in the
and experimental ratios for 1Ge and 2Ge lines also show8.5% and 1% samples, and their enthalpies (ari¢hin the
overpopulation of the 2Ge line configuration concentration inexperimental errgridentical to those known for pure silicon.
respect to the 1Ge concentration; this approach is free frorgor the 2% and 5% samples thg @nd 0, lines start to
any incorrect normalization resulting from an underestimatednerge, and, although seen, it is impossible to assign their
concentration of 0Ge. center of gravity for an Arrhenius plot analysis. As a result,
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the numerical procedures used are unable to give parameters SUMMARY

of these lines separately, and the Arrhenius plots in these

cases have to be considered as actual plots of the 0Ge line asHigh-resolution Laplace DLTS spectra for gold- or

was done in the case of gold. For these two samples thglatinum-diffused SiGe samples show an alloy splitting that

enthalpies are considerable larger than for pure silicon, bufe associate with the alloy fluctuations in the proximity of

again these values are not the best candidates for the refgfe defect. For the case of platinum we can distinguish be-

ence levels. _ _ _ tween the effect of the level splitting caused by alloying in
Some problems W'tr‘ unamblgu_ous”as&gnment of the teMne first and in the second shells of surrounding atoms. For

perature shifts of the “no germanium” peaks and, as a CoNyhe case of the gold acceptor only the effect from the first

sequence, the large standard deviation errors for the alloéaﬁell of atoms is observable but the manifestation of alloying

\Sv?t?]ﬁlcﬂsnt;[:m?%?{essetgn% ;v(\)/rrp?r?)nrsoorlhg]; ;T(T)e?ﬁ:]aen?;ersaetﬂgeri the second-nearest shell can be seen as line broadening,
inconclusive. For the relaxed SiGe allogsulk) it has been i.e., we cannot resolve the alloy splitting in the gold case. We

concluded? from an analysis of the Schottky barrier heights have. fognd th"’?t the electrom.c energy level is affected by
for Si and Ge that most of the band-gap variation as a func@\Ionmg in the first-nearest neighborhood by a factor of 2—3

tion of the alloy composition is due to a shift of the valence MO than by alloying in the sgcond-nearest shell. The abso-
band. According to the data given in Ref. 22, if the a”OyIute values of the energy differences obtained from the
composition changes from 0% to 100% then the band ga rrhenius plots for different defect configurations agree with
shrinks by 0.45 eV while the top of the valence band movedhese inferred from the peak separations observed in the
up by 0.38 eV. According to our notation, this shift of the spectra. Quar.ltlltatwe differences in the spectra f(_3r the two
reference level related to the top of the valence band shouldifferent transition metals are due only to preferential experi-
be (—0.43+0.05)eV. For the case of the gold acceptorme”tal conditiongthe higher resolution of the methpébr
level, if we assume that the level position of the 4Ge conthe case of platinum than for gold. A clear preference for
figuration in pure Ge measured by Peatfois the correct gold and platinum to enter substitutional Si sites adjacent to
value, then in reality the alloy coefficient of the 0Ge configu- € has been revealed. This may be interpreted in terms of an
ration is 0.24 eV smallefin absolute valuethan we have enthalpy lowering as a result of the fact that both metals are
measured and equals-0.43—0.18) eV. If we assume that able to replace the host silicon atom more easily in the sub-
in the relaxed SiGe alloys the reference level follows theStitutional position than the germanium atom.

gold acceptor levelaccording to Langer and Heinrith

then this value shows again that most of the band-gap de-

crease should be due to a shift of the top of the valence band ACKNOWLEDGMENTS
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