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Correct Assignment of the Hydrogen Vibrations of the Donor-Hydrogen Complexes in Si:
A New Example of Fermi Resonance

J.-F. Zheng and Michael Stavola*
Department of Physics, Lehigh University, Bethlehem, Pennsylvania 18015

(Received 18 September 1995)

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
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The passivation of defects and impurities in semico
ductors by hydrogen has been studied intensely in rec
years, with the dopant-hydrogen complexes being the b
understood model systems [1–3]. Studies of the hyd
gen vibrations of the defect complexes, coupled with the
retical calculations, have been responsible for much
the rapid progress in this field. The determination of th
structure of the donor-H complexes in Si has provid
an example of the power of this approach. The hydr
gen vibrational spectra of P-H, As-H, and Sb-H in S
(Ref. [4]) consists of three bands observed near 810, 15
and1660 cm21 for each of the complexes. The 810 an
1560 cm21 bands were assigned to the H-wagging a
stretching modes, respectively. (There are correspond
bands for the donor-D complexes.) The vibrational fr
quencies were found to be nearly independent of the do
which was taken as support for the defect structure ori
nally proposed by Johnson, Herring, and Chadi [5] that
shown in Fig. 1(a) for Sb-H. Several groups have pe
formed theoretical calculations of the vibrational freque
cies [6–11] and have obtained results in good agreem
with the experimental values to support and further refi
the structural model. The assignment of the1660 cm21

band has been controversial. Bergmanet al. [4] suggested
that the1660 cm21 band might be due to a complex tha
involves the donor, H, and a plasma damage defect.
treicher and Jones [10] have suggested that it might
due to an additional (positive) charge state of a donor
complex. Korpas, Corbett, and Estreicher [12] and Lian
Haas, and Niesen [13] have suggested that there sho
be donor-H2 complexes; these would present still anoth
possibility for additional hydrogen modes. Given the im
portant role the vibrational frequencies have played
the benchmark for theory and the suggested assignm
of the 1660 cm21 band, it is essential that the hydroge
modes be correctly assigned.

In this paper, we present a new assignment [14] of t
1560 and1660 cm21 vibrational bands of the donor-H
complexes in Si and provide new data that help to co
firm it. An important clue comes from the recognition tha
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the second harmonic frequency of the H-wagging mo
v2w ø 2 3 810 cm21, lies between the two high fre-
quency bands. This suggests that if the second harmon
the wagging mode and the H-stretching-mode fundam
tal were weakly coupled by anharmonic interactions, th
vibrational transitions to these modes wouldshare the in-
tensity of the allowed transitionto the H-stretching mode
and give rise to both the 1560 and1660 cm21 bands. The
situation is similar for the donor-D complexes. This e
fect is well known as Fermi resonance in molecular sp
troscopy [15–17] and has permitted Watkinset al. [18]
to explain an anomalous isotope effect observed by P
et al. [19] for the D-stretching vibrations of the11B-D and
10B-D complexes in Si.

Samples for our experiments were prepared by the
plantation of P, As, or Sb into floating-zone Si wafe
with ion energies of 30, 100, and 200 keV and a typic

FIG. 1. (a) Structure of the Sb-H complex in Si. (b) Energ
level diagram for the donor-H complexes in Si. The positio
of the decoupled frequencies are shown on the left. The ef
of a weak anharmonic perturbation is shown on the right.
© 1996 The American Physical Society
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dose of1015 cm22 for each energy. Following an act
vation anneal of 1150±C for 30 s, the implanted wafer
were exposed to an H2 or D2 plasma for up to 6 h a
120±C. Infrared absorption spectra were measured a
resolution of2 cm21 with a Bomem DA3.16 spectrome
ter equipped with an Infrared Laboratories 4.2 K bolom
ter with a cold filter. This detector has a flat baseli
throughout the spectral range of interest which allow
the areas of broad absorption bands to be measured
accurately than in the previous study of the donor-H co
plexes. A list of the vibrational bands observed for t
donor-H and donor-D complexes and their areas, rela
to the area of the wagging band, is shown in Table I. T
band areas differ substantially from those reported pre
ously [4], especially for the1660 cm21 band, because th
earlier measurements were subject to large errors tha
sulted from estimating the baselines. New weak ba
have also been observed near1616 cm21 for the hydro-
genated samples.

An energy level diagram for the hydrogen modes of
donor-H complexes is shown in Fig. 1(b). The presum
hydrogen mode frequencies are shown on the left
the approximation that there is no anharmonic coupl
between the modes. The H-stretching mode transfo
like the A1 representation of the trigonal point group a
the H-wagging mode transforms likeE; the corresponding
energy levels are shown by the high frequency line n
1620 cm21 and the line near810 cm21, respectively. The
second harmonic of the wagging mode transforms like
symmetrized productE 3 E, or in terms of irreducible
representations,A1 1 E (Ref. [20]). These accidentally
degenerateA1 andE components of the second harmon

TABLE I. Frequencies and band areas (which are prop
tional to the transition’s intensity) for the hydrogen and de
terium modes observed in Si samples implanted with P,
or Sb and exposed to H2 or D2 containing plasmas. The fre
quency units are cm21. The band areas are given relative
the band near810 cm21 for the donor-H complexes and to th
band near585 cm21 for the donor-D complexes. Spectra we
measured near 4.2 K.

H2 plasma D2 plasma
Frequency Relative Frequency Relativ

scm21d strength scm21d strength

P 809.5 1 584.7 1
1555.4 0.62 1141.5 0.42
1615.5 0.04
1645.5 0.92 1215.5 0.98

As 809.9 1 584.4 1
1561.0 0.61 1143.1 0.39
1617.0 0.02
1661.4 0.98 1222.0 1.29

Sb 809.5 1 584.4 1
1561.8 0.65 1142.7 0.43
1616.7 0.02
1670.6 0.85 1218.1 1.04
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of the wag can be split by anharmonic terms in t
potential [16,17] and are shown by the two lower lyin
levels near1620 cm21 in Fig. 1(b). We now consider
the effect of anharmonic interactions that can mix a
shift the modes. Only modes that transform like the sa
irreducible representation can be coupled by anharmo
terms in the potential. For the states shown in Fig. 1(
the H-stretching fundamental and theA1 component of the
second harmonic of the wag can be mixed, as is shown
the right in Fig. 1(b).

The vibrational wave functions are labeled by the qua
tum numbers of the transverse H-wagging modes,nx and
ny , and of the longitudinal H-stretching mode,nz . The
wave functions for the component of the second harmo
of the wagging mode and the H-stretching fundamental t
transform likeA1 can then be written as

j2wl  s1y
p

2 d sj200l 1 j020ld (1)

and

jsl  j001l , (2)

respectively. The lowest order term of the anharmon
perturbation that can couple these wave functions is
cubic term,

H 0  k3sx2 1 y2dz , (3)

where the displacement coordinates are defined
Fig. 1(a). The energies of the coupled modes are given
the eigenvalues,E6, of the following perturbation matrix,
and the wave functions are given by the correspond
eigenvectors,a6jsl 1 b6j2wl,µ

Es 2 E6 h

h E2w 2 E6

∂ √
a6

b6

!
 0 . (4)

Here Es and E2w are the decoupled energies of the H
stretching mode and the second harmonic of the wagg
mode, respectively.E2w is related to the wagging mode
frequency byE2w  2Ew 2 d, whered is a small fre-
quency shift due to anharmonicity that is taken to be
versely proportional tom, the reduced mass of the Si-H
(or D) oscillator [21]. h is the following matrix element
of H 0,

h  k2wjH 0jsl  k3"3y2s2m3v2
wvsd21y2. (5)

The eigenvalues of Eq. (4) are given by

E6 
1
2 sEs 1 2Ew 2 dd

6
1
2 fsEs 2 2Ew 1 dd2 1 4h2g1y2. (6)

Experimental values forEw for both the donor-H and
donor-D complexes are given in Table I and the values
hD anddD for the donor-D complexes can be written i
terms of hH and dH from their known dependences o
the vibrational frequencies and the reduced massm. Thus
Eq. (6) can be used to fit the positions of the four stro
high frequency bands for a donor-H complex,E6sHd, and
the corresponding donor-D complex,E6sDd, with the four
1155
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parametersEssHd, EssDd, hH, and dH. The values of
these parameters, determined from a fit to the data
Table I, are given in Table II. (We note that it is th
uncoupled mode energies,Ew andEs, that should be com-
pared with theoretical calculations of vibrational freque
cies.) Spectra for Sb-D and Sb-H are shown in Fig.
as an example, along with the positions of the uncoup
modes determined from our fit. For all of the donor-
and donor-D complexes,Es lies aboveE2w , giving the
higher energy band,E1, greater stretching mode chara
ter andE2 greater wagging-overtone character.

From Table I it can be seen that the ratio of the inten
ties of bandsE1 andE2, I1yI2, for a donor-D complex
is consistently greater than this ratio for the correspo
ing donor-H complex. The intensities of transitions to t
admixed states,I1 andI2, are determined by the fractio
of the H-stretching statejsl in the corrected wave func
tions because only the transition from the ground st
to jsl is allowed for harmonic vibrations and has appr
ciable intensity. Thus the ratio of the intensities of t
coupled modes isI1yI2  a2

1ya2
2. The intensity ratios

calculated, without additional parameters, from the eig
vectors of the matrix in Eq. (4) are compared with t
experimentally determined values in Table II. The calc
lated ratio of the intensities,I1yI2scalcd, is greater for the
donor-D complexes than for the donor-H complexes,
agreement with the experimental intensity ratios. Qua
tatively, the uncoupled modes are closer in frequen
for the donor-H complexes than for the correspondi
donor-D complexes. Therefore, the second harmo
of the wagging mode and stretching fundamental
more strongly mixed for the donor-H complexes a
more intensity is transferred to the lower frequen
band, E2, than for the donor-D complexes. These a
guments are consistent with the positions of the u
coupled modes and the relative intensities of the ba
shown in Fig. 2 for Sb-H and Sb-D. Further, the su
of the areas of the vibrational bands near 1560 a
1660 cm21 for the donor-H complexes and the sum
the areas of the bands near 1140 and1220 cm21 for

TABLE II. ParametersvssHd, vssDd, dH, andhH used to fit
the frequency positions of the vibrational bands of the don
H and donor-D complexes given in Table I. Units for the
parameters are cm21. The calculated and experimental ratio
of the intensities of the two high frequency bands for ea
complex are also shown.

vs dH hH I1yI2scalcd I1yI2sexptd
P-H 1612.1 28.9 44.6 1.6 1.3
P-D 1203.4 4.9 2.5

As-H 1627.1 24.9 47.3 2.0 1.8
As-D 1208.7 4.9 3.3
Sb-H 1621.3 7.6 54.4 1.2 1.3
Sb-D 1196.9 2.6 2.8
1156
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the donor-D complexes are approximately 1.5 (see
ble I) independent of the hydrogen isotope.This con-
stancy of the total intensity of the two high frequen
bands for the donor-H and donor-D complexes do
not depend on the details of the fit of our model
the data and is a strong confirmation that these
bands share the intensity of the allowed transition to
stretching fundamental as is required by our Fermi re
nance model.

The new assignment of the hydrogen vibrations of
donor-H complexes is further supported by two additio
observations. (i) A weak, previously unreported band
seen at1616.7 cm21 in Fig. 2(b) for Sb-H. We assign
this band to the transition to theE component of the secon
harmonic of the wag which is predicted by our model. W
note that the frequency of theE component is greater tha
the frequency of the decoupledA1 component,v2w , as is
typically observed in molecular spectroscopy [16]. T
frequencies of the corresponding weak bands are give
Table I for P-H and As-H. (The signal to noise ratio w
not sufficient for us to identify the corresponding ban
in deuterated samples.) (ii) Bergmanet al. [4] had noted
that the three bands near 810, 1560, and1660 cm21 anneal
together. We have carefully reproduced this result fo
sample containing Sb and hydrogen. These three ba
decay together upon annealing which confirms that t
all arise from the same defect center. The weak new b
at 1616.7 cm21 also shows the same annealing behav
supporting its assignment to a mode of the same dono
complex.

Our new assignment of the vibrational spectra of
donor-H and donor-D complexes in Si, based upon
Fermi resonance between the second harmonic of
hydrogen-wagging mode and the stretching fundamen
explains for the first time the presence of all the o
served hydrogen vibrational bands without the need

FIG. 2. Absorption spectra measured near 4.2 K for the
high frequency bands of the (a) Sb-D and (b) Sb-H comple
in Si. The positions of the decoupled frequencies and th
separations (in cm21) are shown.
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additional charge states or defect species. This mod
confirmed by its ability to explain the isotope dependen
of the relative intensities of the coupled modes and
presence of a new weak band that we have assigned
transition to theE component of the second harmonic
the H-wagging mode.

We acknowledge G. D. Watkins for numerous help
discussions and S. J. Pearton and J. Lopata for the
implantation and plasma treatment of our samples. T
work was supported by NSF Grant No. DMR-9415404

*To whom correspondence should be addressed.
[1] S. J. Pearton, J. W. Corbett, and M. Stavola,Hydrogen

in Crystalline Semiconductors(Springer-Verlag, Berlin,
1992).

[2] Hydrogen in Semiconductors,edited by J. I. Pankove an
N. M. Johnson (Academic Press, Boston, 1991).

[3] Hydrogen in Compound Semiconductors,edited by S. J.
Pearton (Trans Tech, Switzerland, 1994)

[4] K. Bergman, M. Stavola, S. J. Pearton, and J. Lopa
Phys. Rev. B37, 2770 (1988).

[5] N. M. Johnson, C. Herring, and D. J. Chadi, Phys. R
Lett. 56, 769 (1986).

[6] S. B. Zhang and D. J. Chadi, Phys. Rev. B41, 3882 (1990).
[7] P. J. H. Denteneer, C. G. Van de Walle, and S. T. P

telides, Phys. Rev. B41, 3885 (1990).
[8] G. G. DeLeo, W. B. Fowler, T. M. Sudol, and K. J

O’Brien, Phys. Rev. B41, 7581 (1990).
[9] A. Amore-Bonapasta, A. Lapiccirella, N. Tomassini, an

M. Capizzi, Phys. Rev. B39, 12 630 (1989).
is
e
e

a

n
s

,

.

-

[10] S. K. Estreicher and R. Jones, Appl. Phys. Lett.64, 1670
(1994).

[11] Y. Zhou, R. Luchsinger, and P. F. Meier, Phys. Rev. B51,
4166 (1995).

[12] L. Korpás, J. W. Corbett, and S. K. Estreicher, Phy
Rev. B 46, 12 365 (1992).

[13] Z. N. Liang, C. Haas, and L. Niesen, Phys. Rev. Lett.72,
1846 (1994).

[14] J.-F. Zheng, M. Stavola, and Q. M. Lee, Bull. Am. Phy
Soc.40, 396 (1995).

[15] E. Fermi, Z. Phys.71, 250 (1931).
[16] G. Herzberg,Molecular Spectra and Molecular Structure

II, Infrared and Raman Spectra of Polyatomic Molecule
(Van Nostrand, New York, 1945), pp. 210–218.

[17] E. B. Wilson, Jr., J. C. Decius, and P. C. Cross,Molecular
Vibrations(Dover, New York, 1980), pp. 197–200.

[18] G. D. Watkins, W. B. Fowler, G. G. DeLeo, M. Stavola
and D. M. Kozuch, Phys. Rev. Lett.64, 467 (1990).

[19] B. Pajot, A. Chari, M. Aucouturier, M. Astier, and
A. Chantre, Solid State Commun.67, 855 (1988).

[20] For the second harmonic of the degenerateE mode,
the wave function that transforms like theA2 represen-
tation arising from the direct product,E 3 E, is zero
everywhere. See, for example, V. Heine,Group The-
ory in Quantum Mechanics(Dover, New York, 1993),
pp. 258–261.

[21] The frequency shiftd of the second harmonic due
to anharmonicity is inversely proportional tom for an
anharmonic oscillator described by a Morse potential. W
take m to be the Si-H reduced mass for the wagging a
stretching modes as an approximation..
1157


