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ChapterChapter 7 

SILVER-GOLDD AND GOLD-RELATED CENTERS IN 

SILVER-DOPEDD SILICON 

ABSTRACT ABSTRACT 

Wee report on studies of silver-gold-gold and gold-related centers in silver-doped silicon by 

electronn paramagnetic resonance. The experimental results showed that in samples doped with 

monoisotopicallyy enriched silver, either 107Ag (99.5%) or 109Ag (99.4%), a previously non-reported 

EPRR spectrum, labeled Si-NL67, was observed. The new spectrum, which has an electron spin S = 

1,, is characterized by a large twofold splitting and smaller fourfold splitting as being due to 

hyperfinee interactions with a silver atom (7 = 1/2) and with a gold atom (/ = 3/2). Further hyperfine 

interactionn with a second gold atom was observed when the external magnetic field was applied 

parallell  to the [100] direction of the sample. The angular dependence of the spectrum was 

measuredd and the symmetry determined to be trigonal. The spin-Hamiltonian parameters of the 

centerr have been determined revealing zero-field splitting D\\ = -4780  50 MHz and DL = 2425

500 MHz, silver hyperfine interaction Al09Ag\\ = 4770  30 MHz and A,09A\ = -1010  30 MHz, gold 

hyperfinee interaction AAu0) = 370-760 MHz and AAu{2) = 10MHz. On this basis, it is possible to 

proposee that the S1-NL67 spectrum originates from a silver-gold-gold complex in silicon. In the 

samplee doped with natural silver (99.99%), the previously identified gold center Si-NL50 was 

againn observed. The new appearance of the spectrum, its co-existence with the Au-Fe pair and 

detailedd analysis of the formation probability and thermal annealing of the center, as well as its 

originn will be presented and brought up for discussion. 
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7.11 Introductio n 

Thee contamination by transition metals of silicon materials, and therefore of silicon 

wafers,, in general is unavoidable. This happens, for example, during crystal growth, heat-

treatmentt processes or when metallic contacts are made to devices. As unintentional 

contaminantss Fe, Cu, and Ni are found in concentrations of ~1012 cm"3, the concentrations 

off  Au and Ag usually are less [7.1]. But even with these minor amounts, effects of the 

transition-metall  impurities on the electronic properties of the materials and devices are 

considerable.. It is known from experiments that the main effect of the transition metal 

impuritiess is to introduce carrier traps and recombination centers. As a consequence, the 

minorityy carrier lifetimes are driven by the numbers of traps and recombination centers in 

thee materials. Luckily, the presence of transition-metal impurities is not always 

detrimental.. In several cases, for special purposes, the transition metals Ag, Au, and Pt are 

intentionallyy incorporated into the materials or silicon wafers in order to control the 

lifetimee of charge carriers. Such applications are known for the production of fast-

switchingg devices. 

Inn spite of the wide technological use, there are still many questions related to the 

fundamentall  understanding of the microscopic properties and structures of the transition-

metall  impurities in silicon that need to be clarified. Let us consider the particular case of 

silverr and gold in silicon. Gold as an impurity in crystalline silicon is, in many aspects, one 

off  the most thoroughly studied defect systems in any semiconductor. It is used together 

withh silver in silicon as an effective recombination center. The isolated substitutional silver 

andd gold centers are amphoteric, giving rise to two deep levels within the silicon bandgap. 

Thesee are an acceptor level at Ec - 0.55 eV and a donor level at £v + 0.35 eV for Aus [7.2], 

andd an acceptor level at Ec - 0.55 eV and a donor level at Ev + 0.38 eV for Ags [7.3]. 

Experimentally,, these deep levels of silver and gold are so close that in case of a sample 

contaminatedd by both silver and gold, distinction of these levels might not be possible. 

However,, this similarity is not unexpected since the electronic configuration of the free 

silverr atom (Ag:4d105s) is similar to that of gold (Au:5d106s) and copper (Cu:3d!04s) 

likewise.. It was also established that the neutral substitutional gold Aus° is isoelectronic to 

thee negative substitutional platinum Pts . EPR studies have revealed that isolated 

substitutionall  silver Ags° and platinum Pts" centers have orthorhombic-I symmetry (C2V) in 

theirr paramagnetic charge state with electron spin S = 1/2, and with g tensor, g[]00]  = 
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1.9954,, g[on] = 1.9960, g[0Ï1] = 1.9980 for silver [7.4], and g[100]= 2.0789, g[0U]  = 1.3867, 

gg - = 1.4266 for platinum [7.5]. For the Aus° center, as different experimental results 

andd opinions have been reported [7.6, 7.7], no direct and unambiguous identification could 

bee made. This indecisive situation and the fact that the reported gold center Si-NL50 has 

beenn observed in silver-doped samples, and silver-gold related complexes have never been 

reported,, strongly motivated us to do this research. 

Moreover,, as silver and gold are rather commonly used (but not always useful) in 

semiconductorr technology, the phenomenon of transition-metal (TM) clustering is also of 

enormouss importance. Having very high diffusivities and large covalent radii, the TM 

impuritiess easily react with defects and dopants, as well as with other transition metals or 

themselvess to create clusters of homotype [7.8-7.12]. They are also attracted to aggregates 

off  vacancies and precipitate at stacking faults and along dislocations [7.13]. Their gettering 

byy voids, created by irradiation, and located in the inactive regions of the devices, can be 

usedd to control the effects of the transition metal impurities. 

Inn this chapter, upon investigation of p-type silver-doped silicon, we report for the first 

timee the observation of a complex identified as a silver-gold-gold defect in silicon by 

electronn paramagnetic resonance. Also the center previously claimed to be the 

substitutionall  gold center (Si-NL50) is again observed. Detailed analyses of the spectra are 

presentedd and brought up for discussion. 

7.22 Samples and spectrometer 

Sampless were prepared from commercial high-grade p-type single crystal silicon. After 

orientationn by X-rays the crystals were cut to bar samples with typical dimensions 1.5 x 

1.55 x 15 mm3 with the longest side parallel to a [Oil ] crystallographic direction. For the 

purposee of silver identification, two different sets of samples were prepared. The first set 

wass diffused with high-purity natural silver (99.99%) containing two isotopes with 

approximatelyy equal abundance (107Ag 51.83%, 109Ag 48.17%). The second set was 

diffusedd with less pure isotopically enriched silver, either 107Ag silver (99.5%) or ' 9Ag 

silverr (99.4%), in a temperature range from 1150 to 1250 °C for durations of time from 10 

too 100 hours. In order to verify the involvement of Fe and Au in the observed centers, we 

alsoo made samples, which are co-doped with either enriched iron (57Fe, 99.5%) or pure 

goldd (197Au, 99.99%) under the same preparation conditions. After diffusion, all samples 
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weree quenched to water at room temperature and then stored at liquid nitrogen temperature 

untill  the first measurement. 

Thee EPR measurements were carried out using a K-band superheterodyne spectrometer 

operatingg at microwave frequency ƒ = 23 GHz. The dispersion part of the magnetic 

susceptibilityy was followed with the microwave power kept at the microwatt level. The 

samplee was mounted with the [Oil ] direction perpendicular to the plane in which the 

magneticc field could be rotated. The EPR spectra were measured in the temperature range 

off  1.5 to 20 K. 

7.33 Results and discussion 

Thee two centers reported in the following sections 7.3.1 and 7.3.2 were observed in two 

differentlyy doped sets of p-type silicon samples. The Si-NL67 spectrum of a silver-gold-

goldd complex was observed only in the sample doped with enriched silver (low purity, 

eitherr Ag or Ag). The Si-NL50 spectrum was observed only in the sample doped with 

high-purityy natural silver (99.99%). 

7.3.11 The Si-NL67 spectrum of the Ag-Au-Au center 

Inn the samples doped with enriched silver, l07Ag or 109Ag, a new spectrum covering the 

magneticc field region from 480 to 1150 mT was observed. The spectrum, labeled Si-NL67, 

iss depicted in figure 7.1 for the magnetic field B parallel to the [100] direction of the 

sample.. Only in this direction, the observed spectrum shows a fourfold splitting (dashed 

arrows)) as being due to the hyperfine interaction with a nucleus with spin I = 3/2 and 100% 

naturall  abundance. The non-equal separation of lines in the quartet groups reveals a strong 

quadrupolee effect. Such a behavior is typical for gold, as was discussed in chapter 4 for the 

Si-NL622 center. Upon rotation of the magnetic field away from the [100] direction by a 

feww degrees the intensities of the four lines in each group decrease quickly and then vanish 

completely.. The positions of the lines do not move, neither is the threefold splitting which 

shouldd take place for a trigonal center observed. At the same time a single line on the 

centerr positions of the quartet emerges. These later lines can be followed over the entire 

angularr range. Also recordable and indicated in figure 7.1 are spectra of the interstitial 

chromiumm (Crf) about two times higher and the neutral interstitial iron (Fe,°) about two 

orderss higher in intensity. The spectrum was measured at temperature T - 4.2 K, 
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microwavee frequency ƒ = 22.68632 GHz. For a clearer view on the hyperfine structure of 

thee Si-NL67 spectrum, part of the EPR spectrum measured with slower speed and higher 

resolutionn is presented in figure 7.2. On this expanded scale, a small additional fourfold 

splittingg in each of the spectral lines due to the hyperfine interaction with a second nucleus 

II  = 1/2, 100% natural abundance is just resolved. The Si-NL67 spectrum is not observed in 

thee sample doped with natural silver or in the sample co-doped with pure gold or enriched 

iron. . 
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Figuree 7.1. Typical EPR spectrum of the Si-NL67 center observed in p-type silicon doped with 

AgAg isotopically enriched silver. The spectrum is characterized by a twofold splitting (solid 

arrows),arrows), a large fourfold splitting (dashed arrows) and a smaller fourfold splitting in each of the 

spectralspectral lines (unresolved) revealing interactions with at least three different nuclei. The spectra of 

interstitialinterstitial iron and chromium are also observed and indicated. Magnetic field B // [100], 

temperaturetemperature T = 4.2 K, and microwave frequency f = 22.68632 GHz. 

Inn order to verify if all observed spectral lines belong to the same center, the angular 

dependencee of the Si-NL67 spectrum has been measured for the rotation of the magnetic 

fieldfield in the (0 1 1) plane. The result, as depicted in figure 7.3, shows explicitly two pairs of 
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opposite-sidedd trigonal-symmetry patterns, clearly revealing the trigonal symmetry of the 

defect.. In figure 7.3 the points are experimental data, solid lines are results from fittin g and 

simulationn using spin-Hamiltonian equation 7.1. 
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Figuree 7.2. Part of EPR spectrum of the Si-NL67 center on an extended field scale revealing the 

hvperfinehvperfine structure of fourfold splitting as due to hyperfine interaction with a nucleus I = 3/2. The 

spectrumspectrum was measured for magnetic field B about 10 degrees away from a [OilJ direction, 

temperaturetemperature T = 4.2 K and microwave frequency f'= 22.69812 GHz. 

Itt  is important to note that the mentioned angular  pattern could only be obtained with 

ann assignment of electronic spin S= 1 to the center. Verifyin g this experimentally, we have 

carriedd out a measurement at lower  temperature, T = 1.5 K. A typical EPR spectrum 

observedd at 1.5K is shown in figure 7.4 clearly showing the reduction of intensity of the 

twoo outer  groups of spectral lines to about 50%. This intensity reduction indicates different 

transitionn probabilit y as predicted by Boltzmann formulap ~ expi-E/ksT) confirming S = 1 

forr  the center  (E = hf with ƒ = 23 GHz). From this result, the two twofold splittings, which 

aree indicated by solid arrows in figure 7.1, could now be interpreted as due to the zero-field 
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splittingg S-D-S with S = 1 and the hyperfine interaction with a nuclear spin 7 = 1 /2 and 

100%% abundance. 

Apparently,, by the observed spectra as shown in figure 7.1, 7.2, and 7.4, and the 

angularr dependence pattern as shown in figure 7.3, the involvement of at least three 

differentt nuclei to the microscopic structure of the Si-NL67 center is established. Of those, 

onee has nuclear spin I = 1/2 and 100% abundance and is responsible for the large twofold 

splittingg and the other two nuclei have I = 3/2 and 100% abundance and are responsible for 

thee observed fourfold splittings. 

[100]]  [111] [011] 

00 10 20 30 40 50 60 70 80 90 

Anglee (degrees) 

Figuree 7.3. The angular dependence pattern of the Si-NL67 spectrum of an ,mAg-doped sample 

measuredmeasured In the (011) plane from [100] to [Oil]  direction. The (*) points are experimental data, 

solidsolid lines are simulations using spin-Hamiltonian equation 7.1 and parameters as given in table 

7.1.7.1. The microwave frequency f = 22.90382 GHz. 

Thee observation of a hyperfine structure due to a nucleus with spin 7 = 1 /2 and 100% 

abundance,, no doubt, has to be related to silver as the sample was intentionally doped with 

silver.. In such a case, the hyperfine interactions observed in the samples doped with silver 
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enrichedd in the ' 7Ag and ' Ag isotopes have to show a slight difference corresponding to 

thee differences of nuclear magnetic moment |i = -0.1 135ÜN for '07Ag and u = -0.1305uN 

forr ' Ag. Indeed, the observed difference of the hyperfine interaction values is about 15% 

fullyy confirming the incorporation of silver into the microstructure of the Si-NL67 center. 
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Figuree 7.4. EPR spectrum of the Si-NL67 center observed at lower temperature of 1.5 K. As 

predicted,predicted, the two outer groups of spectral lines have lowered their intensity revealing the lower 

occupationoccupation of one of the two transitions from level with ms = +1 to ms = 0 and ms = 0 to tns = -I, 

i.e.,i.e., the corresponding center has electron spin S = 1. The spectrum was recorded for the magnetic 

fieldfield B nearly parallel to the [100] direction, with microwave frequency f = 22.740556 GHz. 

Identificationn of gold incorporation is more difficul t and in a less direct way. From 

experimentss as described above, the involvement of two nuclear spins / = 3/2 and 100% 

naturall  abundance into the Si-NL67 center has been established. For the first nucleus, its 

hyperfinee interaction is rather small with an average value of about 5-10 MHz. The second 

nucleuss is observable only when the magnetic field is applied parallel to the [100] direction 

off  the sample and then presents a much larger hyperfine interaction. As can be seen in the 

figuress 7.1 and 7.4, the magnitude of this larger hyperfine interaction depends on the 
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magneticc field at which the EPR lines were observed. The largest hyperfine interaction of 

7600 MHz is observed for the lowest group at around 730 mT, the smallest value is about 

3700 MHz and is observed for the group at around 833 mT. 

Inn the periodic table there are a number of elements fulfillin g the requirement of I = 3/2 

andd 100% natural abundance, the candidates include 9Be, 75As, IS9Tb, and 197Au. However, 

itt is known from the experiments that contamination of  9Be, As, and Tb in silicon is 

ratherr unlikely whereas gold is recognised as a major contaminant in natural silver. We 

thereforee tentatively assign the two nuclei with ƒ = 3/2 and 100% natural abundance to gold 

atoms.. Since in the experiment we did not diffuse with gold, the existence of gold in the 

sample,, if true, must be due to the contamination of gold in the silver dopant. At first, as no 

evidencee of gold or gold-related centers is observed in our samples, this assumption seems 

ratherr speculative. Fortunately, upon further experiments which have been carried out and 

inn which the same sample was used to diffuse with hydrogen, the EPR spectrum of the 

well-knownn Au-Fe pair is detected, confirming the existence of gold in the sample. 

Thee observed spectrum could, in principle, be described as a S = 1 center and the 

followingg spin-Hamiltonian: 

HH = //BB-ge-S + S-AAg-IAg + S D S + Ii=,-2S-Ai
A,J-I i

Au+ Ii-,-2liAu-QiAu-IiAu (7.1) 

withh all symbols having their usual meaning, i.e., D represents the zero-field splitting 

tensor,, Q stands for the gold quadrupole interaction tensors, AAu and AAg for the gold and 

silverr hyperfine interaction tensors, respectively. However, as mentioned above, for ease of 

calculationn in the fitting by the least squares method only the first three terms are taken 

intoo account. Results of the fit are given in table 7.1 for the g tensor, zero-field splitting 

andd silver hyperfine interaction tensor. Values for the gold hyperfine interactions are also 

givenn in table 7.1 but are averaged values taken directly from experimental data. 

Withh these results, it is now possible to propose an atomic model for the Si-NL67 

center.. Having trigonal symmetry, all three atoms incorporated in the defect must be 

situatedd on a <111> axis. With the assumption that the silver atom occupies the 

substitutionall  position, there are two possible arrangements of the gold atoms. In the first 

configuration,, the two gold atoms bond directly to the silver atom, one at the bond-

centeredd site between silver and silicon nearest-neighbor atom, while the second gold atom 

iss anti-bonding to the silver. In the second configuration, one of the gold atoms stays at the 
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bond-centeredd site, and the second atom is anti-bonding to the silicon nearest neighbor 

atom.. The fact that the hyperfine interactions with the two gold atoms are largely different, 

thee dependence of hyperfine interaction amplitude on magnetic field of the larger hyperfine 

interaction,, and its observability only for B II [100] direction, indicates that the two gold 

atomss are not equivalent with respect to the silver atom, providing a more plausible 

argumentt for the second configuration. 

Finally,, for an open discussion of the experimental results, we should note here that as 

thee observed hyperfine interactions of the two nuclei / = 3/2 are largely different, there is 

alternativelyy a possibility that the smaller fourfold splitting is due to a nB atom (nuclear 

spinn / = 3/2 and abundance 80.42%), which is naturally available in the p-type boron-

dopedd samples. 

7.3.22 New appearance of the SÏ-NL50 spectrum 

Inn 1992 Son et al. [7.7] reported a new spectrum, labeled Si-NL50, observed in a 

samplee intentionally doped with silver. The spectrum, from its hyperfine structure of 

fourfoldd splitting as due to the hyperfine interaction with a nuclear spin I = 3/2, 100% 

naturall  abundance and hyperfine interaction with four silicon nearest neighbors, was 

claimedd to be due to the single substitutional gold in silicon. The existence of gold in the 

samplee was explained as gold contamination in silver diffusion. The low concentration of 

goldd and the simultaneous presence of silver in the sample were considered to be important 

factss that prevent the formation of gold-impurity pairs as well as gold clusters themselves. 

Inn the same sample also the spectra of Fe;0, Tij+, Agj° and some other, silver-related, spectra 

weree observed. No direct evidence of other gold-related centers was reported. Further, the 

Si-NL500 center was observed in only one sample and Son and co-workers were unable to 

reproducee the center even after several trials. The spectrum was observed in a sample at 

liquid-heliumm temperature using X-band EPR spectrometer operating at 9 GHz. The typical 

EPRR spectrum of the Si-NL50 center is depicted in figure 7.5 characterized by fourfold 

splittingg with the two outer lines about 15% or more higher in intensity due to the 

coincidencee with two forbidden transitions. 

Inn this experiment, we again observed the Si-NL50 spectrum in the p-type silicon 

samplee diffused with pure natural silver (99.99%) under visible-light illumination. The 

concentrationn of the center is rather low, at the detection limit of our K-band EPR 

spectrometer.. The spectrum is well reproducible and is observable in all investigated 
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sampless with comparable intensity (10 samples). No traces of Fe°, Ti ;
+, or Ag° spectra 

weree observed. Additional studies of the formation capability carried out by changing the 

coolingg rate of the sample after silver diffusion have revealed, along with the formation of 

thee Si-NL50 center, the formation of the Si-NL43 center of the Ags-Fej pair [7.14]. 
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Figuree 7.5. EPR spectrum of the SI-NL50 center as measured at the angle 50° away from [100] 

showingshowing the hyperfine structure due to one gold nucleus with nuclear spin I = 3/2. The microwave 

frequencyfrequency isf- 9.1773 GHz. After Son et al. [7.7]. 

AA typical EPR spectrum recorded in the sample with the Si-NL43 center is presented in 

figuree 7.6 for the magnetic field B II [011] direction, temperature T = 4.2 K, and 

microwavee frequency ƒ = 22.621862 GHz. As can be seen, the Si-NL50 center observed in 

ourr case has a quite different appearance. The spectrum is characterized also by fourfold 

splittingg but the four spectral lines are not equal in intensity. The intensity of the two inner 

liness is quite stable. The two outer lines are unstable. Their intensity depends on the angle 

off  the applied magnetic field and can be in the range of 0% to 80% of the two inner lines. 

Thee observed spectrum has orthorhombic-I symmetry with the g tensor equal to that 
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previouslyy reported in Ref. [7.7], as given in table 7.1, and can with certainty be attributed 

too the Si-NL50 center. 
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Figuree 7.6. EPR spectrum of the Si-NL50 center observed using K-band EPR spectroscopy for 

magneticmagnetic field B // [011] direction, T = 4.2 K, and microwave frequency f = 22.621862 GHz. The 

spectrumspectrum Si-NL43 of the Ag-Fe pair is also observed and indicated by dashed arrows. In this 

spectrumspectrum the fourfold splitting is only observed in the low magnetic field region with intensity of 

thethe two outer lines only about 25% of the two inner lines. At higher magnetic field, the two outer 

lineslines have completely disappeared. At around 810 mT, the two inner lines are coincident as 

evidencedevidenced by the double intensity resonance. The splitting between the two lower groups of spectral 

lineslines at around 738 mT and 749 mT is due to a misorientation of about 3.5". 

Ass the spectrum Si-NL50 is observed in the samples intentionally doped with natural 

silver,, one first must attempt to analyze the Si-NL50 spectrum in terms of a silver-related 

center.. Therefore, the fourfold splitting of the observed spectrum can be viewed as due to 

thee hyperfine interaction with silver atoms. Natural silver contains the two isotopes '07Ag, / 

== 1/2, and abundance 51.83%, and l09Ag, / = 1/2, 48.17%. If it is the case, the observed 

hyperfinee splitting wil l present a small dissimilarity corresponding to the difference of the 
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nuclearr moments of the two silver isotopes//= -0.1135//N for 107Ag and// = -0.1305//N for 

109Ag.. This difference of hyperfine interaction of the two silver isotopes, with the absence 

off  quadrupole interaction (I < 1), wil l be a constant factor = 0.87 against applied magnetic 

field.field. However, the experimental results do not support this assumption, the fourfold 

splittingss are arbitrary, and the differences of corresponding pairs are much larger than 

expectedd for silver. Moreover, the absence of observation of the Si-NL50 spectrum, or 

evenn a part of it, in the samples doped with monoisotopically enriched silver, either Ag 

(99.5%)) or 109Ag (99.4%), gives a negative indication of the involvement of the silver in 

thee Si-NL50 center. 

Tablee 7.1. Principal values of g, hyperfine A, zero-field D, and quadrupole tensors Q as 

determineddetermined for the Si-NL67 and Si-NL50 spectra. For the Si-NL50 center, in our measurement, due 

toto the vanishing of the two outer lines at the two principal [Oil]  and [011] directions, it was not 

possiblepossible to determine hyperfine interactions at these directions. Hyperfine constants A " are 

determineddetermined in the low-Q approximation. 
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Thee variation of the structure of fourfold splitting, both in relative line positions and 

amplitudes,, observed for the Si-NL50 spectrum suggests another possibility, namely that 
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thee spectrum originates from a defect involving an impurity with nuclear spin I = 3/2. The 

mostt prominent candidate in this case, as already reported by Son et al. [7.7], is gold with 

nuclearr spin 1= 3/2 and 100% natural abundance. As gold is not intentionally diffused into 

thee samples, the only source of gold is contamination in the silver diffusion. It is therefore 

essentiall  to have independent evidence disclosing the existence of gold in the sample. 
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FigureFigure 7.7. Part of the EPR spectrum observed in the natural-silver-doped sample after annealing 

atat room temperature for two weeks revealing the simultaneous presence of the Si-NL50 spectrum 

andand the well-known spectrum of the Au-Fe pair, indicating the existence of gold in the sample. The 

spectrumspectrum was recorded at temperature T = 4.2 Kfor the magnetic field B // [011] direction, and a 

misorientationmisorientation of about 2.7°. 

Interestingly,, from the experiments we found that: 

a)) As the sample was quenched to water at room temperature and then immediately stored 

inn liquid nitrogen until the first measurement, we observed only the Si-NL50 spectrum. 

Iff  the sample was quenched a bit slower, we observed also the Si-NL43 spectrum of the 

Ags-Fe,, pair. 

b)) In the fast-quenched samples, without Ags-Fe; pair, if we keep annealing the sample at 

roomm temperature for weeks the EPR spectrum of the Aus-Fe; pair emerges and is 
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growingg up slowly while the intensity of the Si-NL50 spectrum decreases. A part of the 

EPRR spectrum of the SUNL50 center with Aus-Fe; center is shown in figure 7.7. 

c)) The Aus-Fei center was not observed in thee samples with the Ags-Fej center, even after 

annealingg the sample at room temperature. 

d)) The Si-NL50 spectrum was not observable in the samples co-doped with either pure 

goldd (99.999%) or enriched 57Fe to 99.5%. 

Obviously,, the observation of Au-Fe center has taken away the objection that no 

evidencee of gold or gold-related centers has been reported by Son et al. [7.7], by providing 

aa clue for gold involvement in defect formation in the silver-doped samples. Secondly, the 

simultaneouss presence of the Si-NL50 center and the Aus-Fei center in the sample at 4.2 K 

excludess the speculation that the Si-NL50 center is a metastable orthorhombic-I Aus-Fei 

pairr that springs from the known trigonal Aus-Fei one [7.15, 7.16]. Thirdly, the observation 

off  the Aus-Fej center only after annealing the sample at room temperature and only in 

sampless without the Ags-Fej center suggests that there actually was a competition between 

thee formation of Ags-Fej and Aus-Fe; centers in the sample. 

Carefull  measurements of the Si-NL50 spectrum in its principal directions have 

revealedd that for BII [011] direction, in the high-field region, the two outer spectral lines of 

thee fourfold line structure have disappeared. At one of the [011] directions the two inner 

liness are coincident creating the hyperfine structure of 1:2:1 as observed for the Aus-Fe; 

pairr [7.9] (due to the disappearance of the two outer spectral lines, only one line with 

intensityy double is observed in figure 7.6). Similarly, in the [100] direction the two inner 

liness are coincident with the two outer lines creating the 1:1 hyperfine structure. These 

pictures,, in a detailed treatment of hyperfine and quadrupole interaction as carried out for 

thee Aus-Fej [7.9], and for the gold-related center Si-NL62 [7.17], require a large 

quadrupolee interaction a few times stronger than the hyperfine interactions, thus in 

contradictionn with the results reported in Ref. [7.7]. We should also note that the linewidth 

off  the Si-NLSO spectrum is exceptionally narrow, in the order of 0.35-0.5 jiT, about five 

timess smaller than that for the Aus-Fei, and the Ags-Fej spectra, indicating a deep and 

ratherr isolated center within the silicon lattice. 

Alll  the above-described facts bring us to the conclusion that the Si-NL50 spectrum is 

ann important gold-related spectrum. The assignment of the spectrum to the isolated 

substitutionall  gold center from EPR measurement only, as given in Ref. [7], however, is 
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nott strong enough. For an unambiguous identification of the center, further correlated 

experimentss such as DLTS and optical Zeeman spectroscopy are obviously necessary. 

7.44 Conclusions 

Uponn investigation of p-type silver-doped silicon, for the first time, a complex of silver 

andd gold in silicon has been observed by electron paramagnetic resonance. The spectrum, 

labeledd Si-NL67, which from its hyperfine structures is concluded as due to hyperfine 

interactionss with one silver atom and two non-equivalent gold atoms, was identified as 

originatingg from a trigonal defect with electron spin 5 = 1. Based on the experimentally 

observedd data, a tentative microscopic model for the center has been established in which 

alll  atoms are on a <111> axis with the silver atom at the substitutional site. 

Alsoo in this study, the center Si-NL50, previously identified as isolated substitutional 

goldd center, was again observed. Having a quite different appearance when measured in K-

bandd EPR spectroscopy, the spectrum, however, shows many similarities to what was 

reportedd in Ref. [7.7], identifying the same defect. Further, in a more careful measurement 

andd treatment, evidence of gold contamination in the samples has been observed. The 

intensityy reduction of the Si-NL50 spectrum as the Au-Fe center emerges is a decisive 

evidencee for the gold involvement in the Si-NL50 center. However, as the observed signal 

iss weak, no ENDOR measurement has been carried out, and the identification of the Si-

NL500 center as isolated substitutional gold center in silicon could not be investigated. 

Furtherr experiments on this center are highly recommendable. 

References s 

[7.11 ] K. Graff, Metal Impurities in Silicon Device Fabrication (Springer, Berlin, 1995). 

[7.2]]  E. Ö. Sveinbjörnsson and O. Engström, Phys. Rev. B 52, 4884 (1995). 

[7.3]]  N. Yarykin, J.-U. Sachse, H. Lemke, and J. Weber, Phys. Rev. B 59, 5551 (1999). 

[7.4]]  P. N. Hai, T. Gregorkiewicz, C. A. J. Ammerlaan, and D. T. Don, Phys. Rev. B 56, 

4614(1997). . 

[7.5]]  H. H. Woodbury and G. W. Ludwig, Phys. Rev. 126, 466 (1962). 

[7.6]]  G. D. Watkins, M. Kleverman, A. Thilderkvist, and H. G. Grimmeiss, Phys. Rev. 

Lett.. 67, 1149(1991). 



SILVER-GOLDSILVER-GOLD AND GOLD CENTERS IN SILVER-DOPED SILICON 129 9 

[7.7]]  N. T. Son, T. Gregorkiewicz, and C. A. J. Ammerlaan, Phys. Rev. Lett. 69, 3185 

(1992). . 

[7.8]]  H. J. von Bardeleben, D. Stiévenard, M. Brousseau, and J. Barrau, Phys. Rev. B 38, 

6308(1988). . 

[7.9]]  R. L. Kleinhenz, Y. H. Lee, J. W. Corbett, E. G. Sieverts, S. H. Muller, and C. A. J. 

Ammerlaan,, Phys. Status Solidi (b) 108, 363 (1981). 

[7.10]]  P. Alteheld, S. Greulich-Weber, J. -M. Spaeth, H. Overhof, and M. Höhne, Mater. 

Sci.. Forum 143-147, 1173 (1994). 

[7.11]]  A. Thilderkvist, S. Ghatnekar-Nilson, M. Kleverman, and H. G. Grimmeiss, Phys. 

Rev.. B 49, 16926(1994). 

[7.12]]  P. M. Williams, P. W. Mason, and G. D. Watkins, Phys. Rev. B 53, 12570 (1996). 

[7.13]]  W. Lerch, N. A. Stolwijk, H. Mehrer, and C. Poisson, Semicond. Sci. Technol. 10, 

1257(1995). . 

[7.14]]  N. T. Son, V. E. Kustov, T. Gregorkiewicz, and C. A. J. Ammerlaan, Phys. Rev. B 

46,4544(1992). . 

[7.15]]  P. Alteheld, S. Greulich-Weber, J. -M. Spaeth, H. Weihrich, H. Overhof, and M. 

Höhne,, Phys. Rev. B 52, 4998 (1995). 

[7.16]]  H. Weihrich, H. Overhof, P. Alteheld, S. Greulich-Weber, and J. -M. Spaeth, Phys. 

Rev.. B 52,5007 (1995). 

[7.17]]  P. T. Huy, this thesis, chapter 4. 



"When"When one door of happiness closes, another opens: but 

oftenoften we look so long at the closed door that we do not 

seesee the one which has been opened for us.': 

-- Helen Keller -


