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Hydrogen molecules trapped by multivacancies in silicon
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We report an observation of a Raman line gfikisilicon after St -ion implantation followed by a hydrogen
atom treatment. The vibrational frequency of the il 3822 cni® between the two different vibrational
frequencies, 4158 and 3601 ch of H, observed so far in silicon. The assignment is confirmed by the
observation of isotope shifts to 2770 chfor D, and to 3353 cm? for HD. The ion-fluence dependence of the
Raman intensity of the fat 3822 cm ' correlates with the total intensity of peaks in the Si-H stretching region
that are attributed to H-terminated dangling bonds in multivacancies and/or interstitial-H complexes. We
propose that the hydrogen molecule corresponding to the 3822 gitrational line is trapped in or adjacent
to H-terminated multivacanciefS0163-18209)12739-5

Hydrogen molecules in crystalline semiconductors havelicted a charge redistribution between &hd the surround-
attracted much experimental and theoretical attention sinciag Si lattice, which results in the screening of the intramo-
their observation by means of Raman spectroscopy ifecular proton-electron attraction and the weakening of the
19962 Murakami and co-workers have revealed the exis-H, bond. On the bases of the computational results the Ra-
tence of H in the float zong(FZ) n- and p-type crystalline  man line of H(Il) has been attributed to hydrogen molecules
silicon treated with atomic hydrogér?. The S,(1) rotational  at Td sites of silicors.
and Q, vibrational Raman lines of Hin crystalline silicon The difference in the vibrational frequencies of the two
appear at 587 and 4158 cih respectively[we label this Raman lines, K(I) and Hy(Il), is accounted for in terms of
hydrogen molecule as#)]. The observed Raman shifts are different interactions with the surroundings in different trap-
very close to those of gaseous hydrogen, whereas theping environments; platelets and Td sites are the two ex-
widths are much broader. The small peak shift suggests littleremes in terms of the size. It is then reasonable to expect a
interaction with the surrounding host lattice. It has been disthird vibrational frequency for § if any, that exists stably in
cussed that these Raman lines are attributable to hydrogentrap with a medium size. Such medium-sized traps will be
molecules trapped in platelets, or planar defects alignedreated by ion implantation into crystalline silicdht! and
along the{111} plane at tens of nanometers schle. the Si dangling bonds will be terminated with H atoms by

Pritchardet al. have reported three infraredR-) absorp-  hydrogenation. In the present study we succeeded in observ-
tion lines due to H-H pair defects in Czochral$kiz) silicon  ing H, trapped in multivacancies in silicon using Raman-
after exposure to hydrogen gas at temperatures between 1186attering spectroscopy. Multivacancies were introduced into
and 1300 °C. From the isotope shifts the absorption linessilicon in a controlled manner by means of Son implan-
have been attributed to hydrogen molecules. Two of the abtation. The vibrational frequency of the,Hrapped by mul-
sorption lines, at 3788.9 and 3730.8 ¢ncorrelate in their  tivacancies was found to be between those efi Hand
intensities with the vibrational line of interstitial oxygen at- H,(Il).
oms (Q) and have been assigned asadjacent to Qatoms. FZ p-type S{100 wafers were used as crystalline silicon
The other absorption line, at 3618.3 that 10 K, is not  samples. In order to create point-defect complexes, i.e., mul-
correlated with the absorption due t &d is observed also tivacancies and interstitial complexes, we implanted 200-
in FZ silicon. The downshift in the vibrational frequencies keV Si* ions in the crystalline silicon at fluences ranging
with respect to gaseous hydrogen implies the H-H bond igrom 1x 103 to 5x 10'°Si/cn? at room temperature. It is
Weakened because Of the interaCtion with the Surrounding%e” known that Vacancies formed as a primary product un-
Very recently a Raman line has also been observed at 36Qer jon implantation migrate quickly at room temperature
cm * at room temperaturgwe label it as H(l)] in a FZ  and end up with multivacancies and impurity-vacancy
n-type silicon exposed to a hydrogen plasma at 150 T@e  complexe<®*Much less is known concerning the final state
Raman line shifts to 3618 cm when measured at 10 K, of interstitials; most likely they form interstitial complexes,
showing a good agreement with the IR result. The width ofor otherwise diffuse to the surface. The macroscopic degree
the Hy(Il) Raman line is approximately 6 crh significantly  of disorder of the ion-implanted silicon was estimated in
smaller than that of K1) but still greater than that of gaseous terms of phonon correlation length by applying the spatial
hydrogen. correlation modet? to the Raman line shape of the optical

Several theoretical calculations showed thaidstable at  phonon. Phonon correlation length, which corresponds to the
the tetrahedralTd) site of the silicon latticé™® They pre-  dimension of phonon delocalization, was obtained to be 500,
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() FIG. 1. Raman spectra of sili-
con after implantation with
200-keV Si ions at a fluence of
2% 10" cn? followed by a treat-
ment with (a) H atoms,(b) D at-
(b) oms, and (c) H+D atoms at
- 250°C for 3 h. The smaller rela-
tive intensity of B(lll) to Hy(I) in
1) (c) compared with(@) is attributed
to a higher flux of ion implanta-
tion that may lead to annealing of
defects.

Intensity (arb. units)

T T I T T T T T
2800 3000 3200 3400 3600 3800 4000 4200
Raman shift (cm_l)

34.9, 17.4, 16.5, and 15.8 nm for silicon after the implanta-arises from H in silicon [we label this hydrogen molecule as
tion of 1x10%, 1x10Y 5x10" 1x10% and Hyll)], and not from anyXH, complexesie.g., HO).
2x 10'°Sit/cn?, respectivelyt® The Raman spectrum of the Figure 2 summarizes the integrated Raman intensities of
silicon after implantation with a dose of>610"°Si*/cn?  the two vibrational lines of Kas a function of the implan-
showed the formation of a continuous amorphous layer. tation fluence. The intensities are normalized by that of the
The implanted samples were treated with atomic hydrooptical phonon of silicon. The intensity of,H) decreases
gen at 250 °C for 3 h in amote downstream of hydrogen monotonically with increasing implantation fluence, whereas
plasma. The samples were placed at a distance 60-cm apaiat of Hy(I1l) has a maximum at 2 10 Si*/cn?. The ion-
from the plasma to suppress damage from the activated spgluence dependence indicates thaf(IH) is not related to
cies in the plasma. Details of the hydrogen-atom treatmendefects created during hydrogenati@ng., platelets but to
are described elsewhefeAtom treatments were also per- those created by ion implantation. The downshift in the vi-
formed replacing hydrogen gas with deuterium gas or withprational frequency, ca. 340 crhfrom that of gaseous hy-
0.5:0.5 hydrogen-deuterium mixture to check the isotopairogen, suggests that the interaction gfIH) with a silicon
shift. All the Raman-scattering measurements were pefattice is stronger than j1) (almost no downshift but
formed at room temperature using a 514.5-nm light as afveaker than Kll) (downshift by ca. 560 ci). Thus we
excitation source. The wave-number resolution for the locatonsider H(lIl) to be located in a defect created by ion im-

vibrational mode was 3 ciit. The optical penetration depth plantation, whose size is greater than the tetrahedral site but
for the 514.5-nm light is approximately 500 nm for crystal smaller than the platelet site.

silicon and covers the average projectile range of the 200- Candidates for such traps are multivacancies and intersti-

keV Siions, 250 nm from the surface. tial complexes. An electron paramagnetic resonance study on
Figure 1 shows the typical Raman spectra of hydrogefntrinsic silicon implanted with 160-keV Oions, for ex-
molecules in silicon implanted with 210"Si*/cn?® fol- ~ ample, confirmed the formation of divacancy and

lowed by the hydrogen-atom treatment. Two Raman linegour-vacancy'® The four-vacancy was observed at fluences
were observed at 4158 and 3822 ¢mThe 4158-c* line  petween 2 10*2 and 2x 10140*/cn?, with a maximum at

is thEQl vibrational line of F&(l) that had been observed in around 2(10130+/Cm2’ while divacancy and localized
unimplanted silicon after hydrogenatibr® We believe the
3822-cm? line is observed for the first time in the present 20x10

study, and appears only for the silicon samples implanted —e- H,dID
) 3 Aot o Hy(D)
with fluences betweenx1 10" and 5x 10*Si*/cm?. No Ra- -5-Si-H
151 (side peaks)

man signals due to hydrogenation are observed at around
3600 cm ! for any implanted samples studied in the present
study.

To investigate the origin of the 3822-crhpeak we per-
formed a deuteriunfD) atom treatment, as well as a treat-
ment using a hydrogen-deuterium mixture{B atom treat-
men}, at 250 °C for 3 h. The Raman spectra of silicon after
implantation with 2< 10 Si*/cn? followed by an isotopic
hydrogen atom treatment are compared in Fig. 1. The 0 e — ————
3822-cm? line shows an isotope shift down to 2770 ¢n PR o 2t iols o
for a D atom treatment. The ratio between the vibrational
frequencies is 1.38, in good agreement with that between
gaseous Kand D,, 1.39. After the H-D atom treatment a FIG. 2. Raman intensities of the,Hibrational lines and the
peak was observed at 3353 chin addition to those at 3822 sum of the Si-H side peaks in silicon after implantation with
and 2770 cm?, which is apparently attributed to the HD 200-keV St ions at different fluences followedyta H atom treat-
molecule. The isotope shifts confirm that the 3822-¢tine  ment at 250 °C for 3 h.
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side peaks exhibits an evident correlation with that of
H,(lll'), indicating that multivacancies and interstitial com-
plexes play an important role in the formation of(Hl ).
no implantation Calculations have shown that, ik stable in multivacan-
Lo (x1/3) () cies with and without H termination. The vibrational fre-
i . 4 quency of H in H-terminated divacancyM,Hg) was ap-
proximately 3800 cm?, assuming Hlis located at the Td site
adjacent to the Si-H bonds in the divacariéyThe vibra-
tional frequency was calculated to be approximately 4000
cm ! for H, in six and ten vacanciesVgH;, and VigH1g)
) with H termination!”'® and 3780 cm® without H
| | | | T termination'® These calculations agree roughly with the ex-
1800 1900 2000 = 2100 2200 perimentally observed frequency ofl), 3822 cm, and
Raman shift (cm ) supports its assignment as a hydrogen molecule trapped by
FIG. 3. Raman spectra @8 crystalline silicon aftea H atom  H-terminated multivacancies in Si|iC9{1. It is noted that the
treatment at 250 °C for 3 h, ar@®) silicon after implantation with ~ Width of the H(Ill) line is about 30 cm”, being comparable

200-keV St ions at a fluence of  104/cn? followed by a H atom ~ t0 that of Hy(l) and much broader than that of(#). The
treatment at 250 °C for 3 h. large width is accounted for by inhomogeneous broadening;

hydrogen molecules are plausibly trapped in multivacancies
with several different sizeg¢divacancy, four vacancy, five

amorphous regions are formed effectively at lower and,;cancy etg, or located at several metastable sites in or
higher fluences, respectively. This study suggests that mU|t5djacent to the same multivacancy.

vacancies larger than the divacancy are effectively created in '\, ~onclusion. we have presented the existence of,a H

the ion fluence range in which i) was observed in the 1 giecyle trapped by multivacancies in ion-implanted silicon.
present study. The Raman spectra of Si-H stretching in unrpg jonfluence dependence and the isotope shifts confirmed
|mpIan}1eq silicon —and  silicon implanted  with yhe assignment. The vibrational frequency of the was

2 10'Si'fen? are compared in Fig. 3, .bOth after the hy- 3g55 cm %, between the two Raman lines observed in crys-
drogen atom treatment at 250 °C. The Si-H Raman band 0y jine silicon, 4158 and 3601 crh. This result encourages

implanted silicon exhibits several side p‘frgks' three at thgs 1o further investigate hydrogen molecules existing in a
low-frequency sid&1883, 1926, and 1957 cm) and at least  yefective environment in silicon that have not yet been in-
two at the high-frequency sid@187 and 2213 cit). These vestigated.

side peaks are similar to those attributed to hydrogen-

terminated dangling bonds observed in hydrogen-implanted The authors would like to thank A. Oshiyama for theoret-

Si® Some of the side peaks are also possibly originatedcal calculations. They also thank S. Fujimura and J. Kikuchi

from complexes of Si interstitials and hydrog€nThe inte-  for their help in setting up the hydrogen atom treatment ap-
grated total intensity of the above-mentioned side peaks iparatus, and H. Haneda for his SIMS measurement of the
plotted in Fig. 2. The ion-fluence dependence of the Si-Hsamples.
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