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"We"We conquer by continuing.' 

-- George Matheson -

ChapterChapter 6 

HYDROGENN PASSIVATION OF PALLADIU M IN SILICON 

ABSTRACT ABSTRACT 

Magneticc resonance study on hydrogen in-diffusion into palladium-doped silicon samples, in an 

environmentt of vapor water at high temperature, has revealed the removal of the predominant 

isolatedd substitutional palladium center Pd$, indicating the possibility of full passivation of this 

centerr by hydrogenation, with the implication that the passivation products are non-paramagnetic. 

Underr a low-temperature (400-500 K) heat-treatment process, the gradual recovery of the Pd$ 

centerr is observed. At the same time a new EPR spectrum, labeled Si-NL68, emerges. The angular 

dependencee of the new spectrum has been measured for the rotation of the applied magnetic field in 

thee (O i l ) plane from the [100] to [Oil ] crystallographic directions, enabling us to determine the 

monoclinic-II  symmetry for the corresponding defect. The identification of the new spectrum is 

madee based on the observation of twofold splitting in each of the spectral lines, the monoclinic-I 

symmetryy of the defect, and on correlation with the experimental results from deep-level transient 

spectroscopyy (DLTS), as well as results from theoretical calculations. We tentatively assign the Si-

NL688 spectrum to a complex of one-palladium-one-hydrogen (Pd-Hi), which is formed as the 

resultt of a conversion process under heat treatment at low temperature. 
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6.11 Introduction 

Soo far the reported transition-metal-hydrogen complexes (TM-H) in silicon by 

magneticc resonance are confined to only the 5d transition-metal elements Au, Pt [6.1-6.3], 

andd the 3d element Fe [6.4]. The observation of other TM-H complexes from the 3d and 

4dd groups seems to become a challenge to this method. Strongly motivated by the 

detectionn of a large number of TM-H 3d and 4d transition-metal related levels, such as 

Ag-H,, Pd-H, Ni-H, Cu-H, etc., using deep-level transient spectroscopy (DLTS) [6.5-6.9], 

manyy efforts have been made to observe these centers by electron paramagnetic resonance 

(EPR).. In this chapter, we report on the first identification of a Pd-H related center 

observablee in palladium-doped hydrogenated silicon by electron paramagnetic resonance. 

6.22 Experiments 

Thee preparation of samples used in this experiment is very similar to the method 

describedd for gold in chapter 4, and platinum in chapter 5. The same silicon materials were 

usedd in this experiment. The palladium was diffused into silicon at high temperatures of 

12000 to 1300 °C for a duration of time from 1 to 100 hours, followed by a fast-quench into 

waterr at room temperature. The hydrogen was incorporated by heating the samples in an 

environmentt of water vapor at around 1250 °C for 30 minutes. 

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

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

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

samplee was mounted with the [0 11] direction perpendicular to the plane in which the 

magneticc field could be rotated. The EPR spectra were measured at liquid-helium 

temperaturee 4.2 K. 

6.33 Results and discussion 

Thee experimental results showed that after hydrogenation the EPR spectrum of the 

substitutionall  palladium center Pds", which was observed strongly before in the samples, 

hass disappeared [10]. The EPR spectrum of Fet
0, and in several samples the spectrum of 

thee Pd-Fe pair, has emerged [6.11]. No immediate Pd-H spectrum was detected. In figures 
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6.1(a)) and (b) typical spectra observed in the palladium-doped sample before (a) and after 

(b)) hydrogenation are presented. The spectra clearly show that even in case of formation of 

thee Pd-Fe center after hydrogenation, the concentration of this center is much lower than 

thee concentration of the Pds" center (see also figure 6.2 (a)), i.e., by the hydrogenation a 

losss of Pd-related EPR centers has occurred. This suggests that there must be a fraction of 

palladiumm atoms involved in the formation of new Pd-H complexes. The fact that we do 

nott observe these hydrogen-related complexes by EPR might be due to full passivation of 

thee centers by hydrogen or the passivation products are non-paramagnetic. 
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Figuree 6.1. The typical EPR spectra observed in the palladium-doped sample (a) before and (b) 

immediatelyimmediately after hydrogenation. A comparison clearly shows that after hydrogenation the EPR 

spectrumspectrum of the Pds' center has disappeared. No Pd-H related spectrum is observed immediately 

afterafter hydrogenation. 

Itt is known from DLTS experiments that by annealing the samples at temperatures of 

4000 to 550 K, one can promote the conversion processes in which the hydrogen-related 

centerss capture or release one or more hydrogen atoms to form new complexes [6.6, 6.12]. 

Theree is a possibility that the new-formed complexes are paramagnetic and observable by 

electronn paramagnetic resonance. We, therefore, have carried out the isochronal thermal 

annealingg of our samples. The samples were again put into ampoules filled with argon gas 
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andd heated up to the desired temperature, and then quenched into water at room 

temperature.. Results showed that after annealing at 450 K for 60 minutes, the EPR 

spectrumm of the substitutional palladium center has weakly recovered (figure 2(a)). Further 

annealingg revealed the gradual recovery of the Pds" center. At the same time a new EPR 

spectrumm has emerged. This spectrum, labeled Si-NL68 for further references, achieves its 

highestt intensity after annealing at 500 K for about 120 minutes (figure 6.2(b)). In figure 

6.2,, the spectrum Si-NL68 is indicated by dashed arrows. 
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Figuree 6.2. EPR spectra observed in a palladium-doped hydrogenated sample after isochronal 

annealingannealing at 450 Kfor 60 minutes (a), and at 500 K for 120 minutes (b). The spectrum of the Pds' 

centercenter is weakly recovered in (a) and is adequately recovered in (b). The new spectrum, Si-NL68, 

hashas emerged and is indicated by dashed arrows. 

Onee of the hard points in this experiment is, as can be seen in figure 6.2, the very low 

intensityy of the Si-NL68 spectrum, even at its highest concentration. Also, the spectral 

liness are superimposed, in many parts, on the much stronger Pds" and Ps° spectra. These 

handicapss make the task of identification of the Si-NL68 spectrum difficult . Fortunately, 

byy careful measurements with slower scanning speed and highest resolution, we were still 

ablee to collect the positions of all the spectral lines versus the magnetic field when rotated 

inn the ( O i l ) plane from the [100] to [011] directions. The corresponding pattern is shown 

inn figure 6.3(a) presenting monoclinic-I symmetry for the Si-NL68 center. In figure 6.3(a), 
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pointss are experimental data; solid lines are calculations using spin-Hamiltonian equation 

(6.1), , 

HH = MaB-g-S, (6.1) ) 

withh the principal values of the g tensor gi = 1.998, gi = 2.0361, and gi = 1.9651, and angle 

6»== 22°. 

Especially,, at the main directions [100] and [Oil] , where the intensity of the spectrum 

iss higher, we observed twofold splitting in each of the spectral lines, providing evidence 

forr the hyperfine interaction with a nucleus with spin / = 1/2 and 100% natural abundance. 

Thiss splitting is in the order of 7-10 MHz and is anisotropic. The extended view of 

spectrumm showing this small splitting is depicted in figure 6.3(b). 
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Figuree 6.3. (a) Angular dependence pattern of the Si-NL68 spectrum observed for rotation of the 

magneticmagnetic field in the (01 1) plane from the [100] to the [011] direction, disclosing the monoclinic-I 

symmetrysymmetry for the corresponding defect, (b) An extended view on the EPR line of the S1-NL68 

spectrumspectrum shows small twofold splitting in each of the spectral lines indicating the hyperfine 

interactioninteraction with a single hydrogen nuclear spin 1 = 1/2 and 100% natural abundance. The 

spectrumspectrum was recorded for the magnetic field parallel to the [100] direction. 
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Inn the electron paramagnetic resonance method, the identification of a center, its 

electronicc and atomic structure, is established based on the observed hyperfine interactions, 

andd the spin-Hamiltonian parameters obtained from analysis of the experimental spectra. In 

thee present case, as the observed signal is weak, the hyperfine lines which represent the 

hyperfinee interaction with the 105Pd isotope (/ = 5/2, abundance 22.2%) are too small for 

detection.. No such direct identification of the involvement of a palladium atom into the Si-

NL688 center can be made. However, as the components of the g tensor of the Si-NL68 

center,, derived from fitting the angular dependence pattern figure 6.3(a), deviate 

considerablyy from ge = 2.0023 of the free electron, the involvement of a transition-metal-

likee impurity in the microscopic structure of the Si-NL68 center is suggested. This, and the 

factt that the Si-NL68 spectrum is only observed in the sample intentionally doped with 

palladium,, directs us to a tentative assignment that the Si-NL68 spectrum is originated 

fromm a Pd-related center. 

Observedd in the hydrogenated sample after annealing at 450-500 K for a certain 

durationn of time, characterized by the twofold splitting in each of the spectral lines as due 

too hyperfine interaction with an atom with nuclear spin / = 1/2 and 100% natural 

abundance,, as shown in figure 6.3(b), the incorporation of a hydrogen atom in the Si-NL68 

centerr is established. Interestingly, the anisotropic splitting in the range of 7-10 MHz, is 

welll  analyzed by isotropic part a ~ 9 MHz and anisotropic component b ~ 1 MHz, which 

aree characteristic values for the hyperfine interaction of hydrogen with transition-metals, as 

observedd for other TM-H complexes, the Pt-H2, Au-H2, and Pt-H3 centers [6.3]. 

Thee assumed conclusion of formation of Pd-H center is well in agreement with results 

fromm DLTS measurements in which up to seven Pd-H related levels have been observed 

afterr wet-chemically etching the samples. In particular, the £"(200) level with activation 

energyy at EQ - 0.43 eV and assignment to a Pd-Hi complex [6.6, 6.13], supports our 

conclusionn toward a Pd-Hi complex for the Si-NL68 spectrum. Further supporting this 

assignment,, the monoclinic-I symmetry observed for the Si-NL68 center is well matching 

withh the theoretically calculated results of Jones et al. [6.14], who concluded the 

monoclinic-II  symmetry for the transition-metal-one-hydrogen atom complexes. 

Further,, the observation of the Si-NL68 center after low-temperature heat treatment 

suggestss a possibility that after hydrogenation the Pds" center has actually been passivated, 

i.e.,, a neutral center has been formed. This center, however, is not thermally stable, 

thereforee easily dissociated to complexes with smaller number of hydrogen atoms under 
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heatt treatment at low temperature. As suggested in Ref. [6.13], and as a center of Pt-H3 has 

beenn observed by magnetic resonance as reported in chapter 5, this neutral center most 

probablyy contains four hydrogen atoms. Nevertheless, as no firm conclusion could be 

establishedd from EPR measurements only, other possibilities accounting for the loss of 

Pdgg centers after hydrogenation including the formation of non-paramagnetic complexes 

cannott (fully) be ruled out. 

Att this point, based on the identification of the Si-NL68 center as the Pd-Hi complex, 

fromm the very similar hydrogen hyperfine interaction observed for the Si-NL68 center in 

comparisonn with that of other TM-H complexes, we tentatively propose an atomic model 

forr the Si-NL68 center copying the general configuration as proposed for other TM-H 

complexes.. In this model, the hydrogen atom lies at an anti-bonding site, being back-

bondedd to one of the silicon nearest neighbors of the substitutional Pd atom. For a more 

detailedd microscopic model of the Pd-Hi complex, we refer to Refs. [6.14, 6.15]. 

Finally,, the observation of the Pd-Hi complex in silicon in this experiment, together 

withh the observation of Pt-Fh [6.1, 6.2], Au-F ,̂ and Pt-Fh, as described in chapters 4 and 

5,, respectively, provide quite a detailed and convincing picture of the microscopic and 

electronicc structures of transition-metal-hydrogen complexes in silicon. These results, in 

combinationn with results from DLTS, IR measurements, as well as with theoretical 

calculations,, create a reliable picture of how the hydrogen atom interacts with transition-

metall  impurities in silicon. It also suggests that in silicon the transition-metal atom can 

bindd up to three hydrogen atoms without passivating the electronic activity of the 

correspondingg defect, whereas the complex with four hydrogen atoms is neutral. 

6.44 Conclusions 

Wee have performed electron paramagnetic resonance measurements on palladium-

dopedd hydrogenated n-type silicon samples. The experimental results showed that after 

hydrogenn in-diffusion the complete removal of the predominant isolated substitutional 

palladiumm center has occurred, suggesting the formation of a passive Pd-H complex which 

iss responsible for the loss of Pd-related EPR spectra. Under a low-temperature heat-

treatmentt process, a new spectrum, labeled Si-NL68, has been observed. This spectrum, 

fromm its observed g tensor typically for transition-metal impurities, the symmetry of 

monoclinic-I,, and the appearance of twofold splitting in each of the spectral lines, was 
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tentativelyy assigned as originating from a one-hydrogen-one-palladium complex. A 

generall  atomic model for the center has been proposed in correlation with the models 

proposedd for other TM-H complexes. 
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