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Correct Assignment of the Hydrogen Vibrations of the Donor-Hydrogen Complexes in Si:
A New Example of Fermi Resonance
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Three vibrational bands have been reported for the donor-H complexes in Si. The frequencies of
two of these bands have been the benchmark for calculations of the structure of these complexes while
the assignment of the third has been controversial. A new assignment of the vibrational spectra, based
upon a Fermi resonance between the second harmonic of the hydrogen-wagging mode and the stretching
fundamental, explains the presence of all three vibrational bands without the need for additional charge
states or defect species that have been suggested previously.

PACS numbers: 78.30.Hv, 61.72.Ji

The passivation of defects and impurities in semiconthe second harmonic frequency of the H-wagging mode,
ductors by hydrogen has been studied intensely in recend,, =~ 2 X 810 cm™!, lies between the two high fre-
years, with the dopant-hydrogen complexes being the besguency bands. This suggests that if the second harmonic of
understood model systems [1-3]. Studies of the hydrothe wagging mode and the H-stretching-mode fundamen-
gen vibrations of the defect complexes, coupled with theotal were weakly coupled by anharmonic interactions, then
retical calculations, have been responsible for much ofibrational transitions to these modes wosltare the in-
the rapid progress in this field. The determination of thetensity of the allowed transitioto the H-stretching mode
structure of the donor-H complexes in Si has providedand give rise to both the 1560 ain€60 cm™! bands. The
an example of the power of this approach. The hydrosituation is similar for the donor-D complexes. This ef-
gen vibrational spectra of P-H, As-H, and Sb-H in Sifect is well known as Fermi resonance in molecular spec-
(Ref. [4]) consists of three bands observed near 810, 156@&0scopy [15—17] and has permitted Watkiet al. [18]
and 1660 cm~! for each of the complexes. The 810 andto explain an anomalous isotope effect observed by Pajot
1560 cm™! bands were assigned to the H-wagging ancet al. [19] for the D-stretching vibrations of th€B-D and
stretching modes, respectively. (There are correspondintyB-D complexes in Si.
bands for the donor-D complexes.) The vibrational fre- Samples for our experiments were prepared by the im-
quencies were found to be nearly independent of the dongilantation of P, As, or Sb into floating-zone Si wafers
which was taken as support for the defect structure origiwith ion energies of 30, 100, and 200 keV and a typical
nally proposed by Johnson, Herring, and Chadi [5] that is
shown in Fig. 1(a) for Sb-H. Several groups have per-
formed theoretical calculations of the vibrational frequen- @) (b)
cies [6—11] and have obtained results in good agreement 2 — A1

. . . 1650
with the experimental values to support and further refine
the structural model. The assignment of th@0 cm™! 1600 =<— E
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band has been controversial. Bergnetial. [4] suggested X y

that the1660 cm™! band might be due to a complex that (H) 1550
1

~

involves the donor, H, and a plasma damage defect. Es-
treicher and Jones [10] have suggested that it might be
due to an additional (positive) charge state of a donor-H
complex. Korpas, Corbett, and Estreicher [12] and Liang,
Haas, and Niesen [13] have suggested that there should
be donor-H complexes; these would present still another
possibility for additional hydrogen modes. Given the im-
portant role the vibrational frequencies have played as
the benchmark for theory and the suggested assignments 0 Fr— —

of the 1660 cm™! band, it is essential that the hydrogen -
modes be correctly assigned. anharmonic coupling

In this paper, we present a new assignment [14] of th(T: e
L . IG. 1. (a) Structure of the Sb-H complex in Si. (b) Energy
1560 and1660 cm™" vibrational bands of the donor-H level diagram for the donor-H complexes in Si. The positions

complexes in Si and provide new data that help to conof the decoupled frequencies are shown on the left. The effect
firmit. Animportant clue comes from the recognition that of a weak anharmonic perturbation is shown on the right.
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dose of10"> cm™? for each energy. Following an acti- of the wag can be split by anharmonic terms in the
vation anneal of 115€C for 30 s, the implanted wafers potential [16,17] and are shown by the two lower lying
were exposed to an Hor D, plasma for up to 6 h at levels near1620 cm™' in Fig. 1(b). We now consider
120°C. Infrared absorption spectra were measured at the effect of anharmonic interactions that can mix and
resolution of2 cm™! with a Bomem DA3.16 spectrome- shift the modes. Only modes that transform like the same
ter equipped with an Infrared Laboratories 4.2 K bolome-irreducible representation can be coupled by anharmonic
ter with a cold filter. This detector has a flat baselineterms in the potential. For the states shown in Fig. 1(b),
throughout the spectral range of interest which allowedhe H-stretching fundamental and the component of the
the areas of broad absorption bands to be measured maecond harmonic of the wag can be mixed, as is shown on
accurately than in the previous study of the donor-H comthe right in Fig. 1(b).

plexes. A list of the vibrational bands observed for the The vibrational wave functions are labeled by the quan-
donor-H and donor-D complexes and their areas, relativeum numbers of the transverse H-wagging moadgsand

to the area of the wagging band, is shown in Table I. The:,, and of the longitudinal H-stretching mode,. The
band areas differ substantially from those reported previwave functions for the component of the second harmonic
ously [4], especially for the660 cm™! band, because the of the wagging mode and the H-stretching fundamental that
earlier measurements were subject to large errors that réransform likeA; can then be written as

sulted from estimating the baselines. New weak bands _
have also been observed nd#16 cm™! for the hydro- [2w) = (1//2) (1200) + [020) (1)
genated samples. and

An energy level diagram for the hydrogen modes of the ls) = 1001}, )

donor-H complexes is shown in Fig. 1(b). The presumed ] ]
hydrogen mode frequencies are shown on the left fofespectively. The lowest order term of the anharmonic
the approximation that there is no anharmonic Coup”nd)ert_urbanon that can couple these wave functions is the
between the modes. The H-stretching mode transformgubic term,
like the A; r_epresentation of the t_rigonal point group and H' = k(x> + y?)z, (3)
the H-wagging mode transforms li& the corresponding
energy levels are shown by the high frequency line ne
1620 cm™! and the line nea810 cm™!, respectively. The
second harmonic of the wagging mode transforms like th X X .
symmetrized produckt X E, or in terms of irreducible apd the wave functions are given by the corresponding
representationsd; + E (Ref. [20]). These accidentally €i9envectorse:[s) + B[2w),
degeneratel; and E components of the second harmonic (ES — E- n ><a+) —0 )

U] E '

aphere the displacement coordinates are defined in
Fig. 1(a). The energies of the coupled modes are given by
éhe eigenvalueg; +, of the following perturbation matrix,

2w E+ ,Bi

TABLE I. Frequencies and band areas (which are proporHere Es and E»,, are the decoupled energies of the H-
tional to the transition’s intensity) for the hydrogen and deu-stretching mode and the second harmonic of the wagging
terium modes observed in Si samples implanted with P, Asmode, respectively.E,,, is related to the wagging mode
or Sb and exposed to +Hor D, containing plasmas. The fre- frequency byE,, = 2E,, — 8, wheres is a small fre-

uency units are ci. The band areas are given relative to . . . .
tqhe ba¥1d neagl10 cm™! for the donor-H complgxes and to the dUency shift due to anharmonicity that is taken to be in-

band neas85 cm™! for the donor-D complexes. Spectra were Versely proportional tqu, the reduced mass of the Si-H

measured near 4.2 K. (or D) oscillator [21]. 7 is the following matrix element
/
H, plasma D plasma of H',
Frequency Relative Frequency Relative n = Qw|H'|s) = k3ﬁ3/2(2lud3wngy)—1/2. (5)
(cm™) strength (cm™) strength The ei | tEd. (4 ) b ;
P 8095 1 5847 1 e eigenval ules of Eq. (4) are given by
1555.4 0.62 1141.5 0.42 E+ = E(ES + 2E,, — 6)
1615.5 0.04 | ) 21/2
16455 0.92 12155 0.98 *ol(Es = 2E, + 6)" + 4n7]/7. (6)
As 809.9 1 584.4 1 Experimental values foF,, for both the donor-H and
1561.0 0.61 1143.1 0.39  donor-D complexes are given in Table | and the values of
1617.0 0.02 np and &p for the donor-D complexes can be written in
1661.4 0.98 1222.0 129 terms of ny and 6y from their known dependences on
Sb 809.5 1 584.4 1 the vibrational frequencies and the reduced mas&hus
12?;? 8'82 1142.7 0.43 Eq. (6) can be used to fit the positions of the four strong
1670.6 0.85 1218.1 1.04 high frequency bands for a donor-H complé&k, (H), and

the corresponding donor-D complex; (D), with the four
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parametersE (H), E (D), ny, and 6y. The values of the donor-D complexes are approximately 1.5 (see Ta-
these parameters, determined from a fit to the data ible 1) independent of the hydrogen isotop&his con-
Table I, are given in Table Il. (We note that it is the stancy of the total intensity of the two high frequency
uncoupled mode energies,, andE;, that should be com- bands for the donor-H and donor-D complexes does
pared with theoretical calculations of vibrational frequen-not depend on the details of the fit of our model to
cies.) Spectra for Sb-D and Sb-H are shown in Fig. 2the data and is a strong confirmation that these two
as an example, along with the positions of the uncouplethands share the intensity of the allowed transition to the
modes determined from our fit. For all of the donor-H stretching fundamental as is required by our Fermi reso-
and donor-D complexe<; lies aboveE,,, giving the nance model.
higher energy bandt., greater stretching mode charac- The new assignment of the hydrogen vibrations of the
ter andE_ greater wagging-overtone character. donor-H complexes is further supported by two additional
From Table I it can be seen that the ratio of the intensi-observations. (i) A weak, previously unreported band is
ties of bandsE; andE_, 1. /I, for a donor-D complex seen at1616.7 cm™! in Fig. 2(b) for Sb-H. We assign
is consistently greater than this ratio for the correspondthis band to the transition to tiecomponent of the second
ing donor-H complex. The intensities of transitions to theharmonic of the wag which is predicted by our model. We
admixed stated,. and/_, are determined by the fraction note that the frequency of the component is greater than
of the H-stretching statfs) in the corrected wave func- the frequency of the decoupled componentw,,,, as is
tions because only the transition from the ground statéypically observed in molecular spectroscopy [16]. The
to |s) is allowed for harmonic vibrations and has appre-frequencies of the corresponding weak bands are given in
ciable intensity. Thus the ratio of the intensities of theTable | for P-H and As-H. (The signal to noise ratio was
coupled modes i$, /I- = a%/a?. The intensity ratios not sufficient for us to identify the corresponding bands
calculated, without additional parameters, from the eigenin deuterated samples.) (ii) Bergmanal. [4] had noted
vectors of the matrix in Eq. (4) are compared with thethat the three bands near 810, 1560, &) cm™' anneal
experimentally determined values in Table Il. The calcutogether. We have carefully reproduced this result for a
lated ratio of the intensitieg,. /I_(calc), is greater for the sample containing Sb and hydrogen. These three bands
donor-D complexes than for the donor-H complexes, irdecay together upon annealing which confirms that they
agreement with the experimental intensity ratios. Quali-all arise from the same defect center. The weak new band
tatively, the uncoupled modes are closer in frequencyt 1616.7 cm™! also shows the same annealing behavior,
for the donor-H complexes than for the correspondingsupporting its assignment to a mode of the same donor-H
donor-D complexes. Therefore, the second harmonicomplex.
of the wagging mode and stretching fundamental are Our new assignment of the vibrational spectra of the
more strongly mixed for the donor-H complexes anddonor-H and donor-D complexes in Si, based upon a
more intensity is transferred to the lower frequencyFermi resonance between the second harmonic of the
band, E_, than for the donor-D complexes. These ar-hydrogen-wagging mode and the stretching fundamental,
guments are consistent with the positions of the unexplains for the first time the presence of all the ob-
coupled modes and the relative intensities of the bandserved hydrogen vibrational bands without the need for
shown in Fig. 2 for Sb-H and Sb-D. Further, the sum
of the areas of the vibrational bands near 1560 and
1660 cm™! for the donor-H complexes and the sum of

the areas of the bands near 1140 a0 cm™! for " (a) Sb-D - (b) Sb-H
0.012 | 0.03 -
9 B B
TABLE Il. Parameterso,(H), w,(D), 8y, andny used to fit 5 0.008 - 0.02 -
the frequency positions of the vibrational bands of the donor- ‘g L © ® L M oow ®
H and donor-D complexes given in Table I Units for these @ 2w T8 w s
parameters are cm. The calculated and experimental ratios < 0-004 | 0.01 |
of the intensities of the two high frequency bands for each " 33 L 10
complex are also shown. 0 0 _J
oy OH mu I+ /I-(calg I./I_(expY L . , ) .
P-H 16121 289 446 1.6 1.3 1120 1170 1220 1520 1620 1720
P-D  1203.4 4.9 25 Frequency (cm-1)
AsH 16271 249 47.3 2.0 1.8 quency
As-D  1208.7 4.9 3.3 FIG. 2. Absorption spectra measured near 4.2 K for the two
Sb-H 1621.3 76 544 1.2 1.3 high frequency bands of the (a) Sb-D and (b) Sb-H complexes
Sb-D  1196.9 26 28 in Si. The positions of the decoupled frequencies and their

separations (in cm') are shown.
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