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Evidence for a trigonal dimer of antibonding hydrogen in crystalline silicon
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The infrared absorption spectra recorded on silicon crystals implanted with protons at cryogenic tempera-

tures reveal three lines at 812, 1608, and 1791 cm™!, which originate from the excitation of local vibrational

modes of a H defect. Measurements carried out on crystals subjected to uniaxial stress show that the 812 cm™!

line results from excitation of a two-dimensional mode of a trigonal defect. Based on the analysis of the
experimental data and on comparison with the properties of other known H defects in Si, we ascribe the 812
and 1791 cm™! lines to a wag mode and a stretch mode of a defect with one or more H atoms at antibonding
sites and attached to neighboring Si atoms. A likely structure denoted H;* is proposed, where each one of two
nearest neighboring Si atoms forms a bond with one H so that the two Si-H bonds point in opposite directions
towards interstitial tetrahedral sites along the same (111) axis.
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I. INTRODUCTION

Hydrogen plays a central role in a number of processes
applied in semiconductor technology, and therefore its inter-
action with various semiconductor materials has been inves-
tigated intensively during the last decades.'”> Hydrogen at-
oms may be introduced unintentionally into semiconductors
and normally compensate the prevailing doping by forming
donor-H or acceptor-H complexes.*~” However, it may also
be introduced intentionally as is the case for the passivation
of dangling-bond states at Si/SiO, interfaces.” Consequently,
detailed knowledge of the properties of H in semiconductors
is essential to clarify the influence of this element on crystal
growth, device processing, and operation stages. Proton im-
plantation has been successfully used in combination with
different spectroscopy techniques for thorough investigations
of hydrogen defects in Si.8!3

When moderate doses of protons are implanted into Si at
cryogenic temperatures (below 80 K), H atoms are present in
their isolated forms, where the specific configuration de-
pends on the position of the Fermi level in the crystal. In
p-type material H is positively charged and at bond-centered
sites (Hgc). In n-type material negatively charged H at or
close to the interstitial tetrahedral site is the energetically
favorable configuration.>”!! Light impurity atoms like H pro-
duce local vibrational modes (LVMs) with frequencies that
are well above those of the crystal phonons. Therefore, in-
frared (IR) absorption spectroscopy is a powerful method for
studies of H defects (see, for example, Refs. 12 and 13).
Infrared absorption studies of Si implanted with protons at
cryogenic temperatures revealed that the asymmetric stretch
vibration of Hj. gives rise to an absorption line at
1998 cm™!.1* The Hj defects are thermally unstable above
~150 K, where H becomes mobile. The diffusing H atoms
interact with each other, forming H, dimers,'? and H, mol-
ecules at interstitial tetrahedral sites.”>"!7 The stability of
these dihydrogen defects and their role for the diffusion of H
in Si have been investigated previously both experimentally
and theoretically.'>2!

In this work, we report on a H defect in crystalline Si
which we assign to a new H dimer of trigonal symmetry
denoted H;* The experimental evidence is obtained by in
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situ-type IR absorption studies of proton-implanted Si crys-
tals under uniaxial stress. The IR absorption data reveal three
lines at 812, 1608, and 1791 cm™!, which originate from a
trigonal defect. The 812 cm™! line is ascribed to the excita-
tion of a twofold degenerate wag mode of H at an antibond-
ing site (H,p), whereas the 1791 cm™' line represents the
corresponding stretch mode. All the experimental data are
consistent with the HZ* dimer, which consists of two neigh-
boring Si atoms each one bonded to a Hup, so that the two
equivalent Si-H,p units point in opposite directions along
the same (111) axis (see Fig. 1).

II. EXPERIMENTAL DETAILS

Samples with dimensions of ~8X 8 X 0.7 mm® were cut
from high-resistivity float-zone n-type Si crystals (P content
~4x 10" ecm™3), with less than 5X 10" ¢cm™ of O and C,
and were polished on the two opposing 8 X 8 mm? faces. The
samples were mounted in a cryostat, equipped with two CsI
windows and one 100-um-thick Al window, through which
the implantations were performed. The cryostat was placed
inside a vacuum chamber which in turn was connected to the
beam line of a tandem accelerator. The samples were im-
planted through one of the large faces with protons and/or
deuterons with different energies in the range 5—10 MeV.

L

FIG. 1. Sketch with the structures of H,  and H, in Si. Hydro-
gen and silicon atoms are represented by black and gray circles,
respectively. In each defect, the two hydrogen atoms are located
along the same (111) axis.
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FIG. 2. Sections of absorbance spectra recorded on proton- (Si:H) or deuteron-implanted (Si:D) Si after annealing at 300 K.

The dose at each energy was adjusted to result in a uniform
concentration of the implanted species of 1—-5X 10'® cm™ in
the range 150-550 wm below the surface. During the im-
plantation the samples were kept at temperatures below 20 K
using a closed-cycle helium cryocooler. After the implanta-
tion the cryostat was moved to a Nicolet System 800 Fourier-
transform IR spectrometer, while keeping the samples tem-
perature below 20 K. All spectra were recorded at ~8 K
with a spectral resolution of 0.5 cm™!. Heat treatments of the
samples were carried out in situ with a resistive heater con-
nected to the sample holder and wired to a temperature con-
troller, which allowed temperature stabilization within
+0.5 K. Uniaxial stress measurements were performed on
~10X2 X2 mm?® samples with the smallest surfaces cut or-
thogonal to the [100], [110], or [111] direction, mounted in a
helium-flow cryostat and using a homebuilt stress apparatus.
In this case, the samples were implanted with protons at
temperatures below 40 K and subsequently heat treated at
280 K for 30 min before the IR absorption was measured.
Further details of the experimental setup and procedure are
described elsewhere.??

III. EXPERIMENTAL RESULTS

Figure 2 shows sections of the IR spectra obtained after
low temperature implantation of Si with protons or deuterons
and subsequent annealing for 30 min at 300 K. The spectrum

of proton-implanted Si displays sharp lines at 812 and
1608 cm™!, together with a broader line at 1791 cm™!. The
three lines grow up together gradually upon heat treatments
at temperatures in the range 50—300 K and they anneal out
together after annealing at 320 K. Hence, they originate from
the same defect. As shown in Fig. 2, the 812 and 1791 cm™!
lines shift down in frequency to 581 and 1306 cm™!, respec-
tively, when deuterons are implanted instead of protons.
Hence, the ratios between the frequencies in the proton and
deuteron case are 1.40 and 1.37. Both ratios are close to 2,
which establishes that the lines originate from LVMs of H
bound to a heavier element. To achieve information about the
number of H atoms involved in the defect, IR spectra were
recorded on samples implanted with overlapping profiles of
protons and deuterons. No additional lines were observed in
these spectra. Therefore, the defect either contains a single H
or, if it contains additional H atoms, the dynamical interac-
tion between the H atoms must be very small.

The effect of uniaxial stresses along the [100], [111], and
[110] directions on the 812 cm™' line is shown in Fig. 3 for
IR light polarized parallel and perpendicular to the stress
direction. Stress along the [100] direction splits the line into
two components, only one of which is observed with light
polarized parallel to the stress direction. Stress along the
[111] direction splits the line into three components, only one
of which is observed with light polarized parallel to the
stress direction, whereas the other two are observed only
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FIG. 3. Frequency shifts induced on the 812 cm™' line by uniaxial stresses parallel to [100], [111], and [110] directions for the
electric-field vector E of the incident light (@) parallel and (O) perpendicular to the stress direction F. The solid (dotted) lines represent the
best fit of the stress pattern for E parallel (perpendicular) to F of an A— E transition of a trigonal defect.
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TABLE 1. LVM frequencies (cm™!) observed for the new lines
in H- and D-implanted Si (H;*), together with frequencies reported
for H, in Si.

H, H,

Mode Freq. Mode Freq.

E, (Si-H,p wag) 8124 E (Si-Hpp wag) 817.2
E,®E, 1607.7 E®E 1599.1

Ay, (Si-Hpg stretch)  1791.1 A, (Si-Hpp stretch)  1838.3
Ay, (Si-Hpp stretch) Ay (Si-Hpc stretch)  2061.5
E, (Si-Dpg wag) 581.2 E (Si-D g wag) 587.7
Ay, (Si-Dyg stretch) 13064 A, (Si-D,p stretch)  1339.6
Ay, (Si-Dag stretch) A, (Si-Dpc stretch) — 1499.7

with light polarized perpendicular to the stress direction.
This splitting pattern is characteristic for an A — E transition
of a trigonal defect.?® The straight lines in Fig. 3 represent
the best fit of the theoretical shifts to the data for such tran-
sition. Following the notation used in Refs. 22 and 23 the
values of the parameters A, A,, B, and C corresponding to
the best fit are 2.06, —1.44, —1.64, and 1.77 cm~'/GPa, re-
spectively. The fit is in very good agreement with the data for
all stress directions and the relative intensities for the differ-
ent light polarizations are also consistent with the theoretical
values. Therefore, the 812 cm™' line is assigned to a doubly
degenerate LVM of a trigonal defect.

IV. DISCUSSION

The frequencies of H-related LVMs previously identified
for H; in Si are shown in Table I, together with those ob-
served for our new lines. The H, defect is formed by two
neighboring Si atoms, one bonded to a Hpp and the other
bonded to a H at a near bond-centered site (Hgc), so that the
two H and the two Si atoms are lying along the same (111)
axis (see Fig. 1)."> As can be seen from the table, the fre-
quencies of the 812, 1608, and 1791 cm™! lines are close to
those of H; at 817, 1599, and 1838 cm™!. The three latter
lines are due to the doubly degenerate wag mode perpendicu-
lar to the Si-H,p bond, the first overtone of the wag mode,
and the stretch mode along the Si-H,p bond, respect-
ively.!>?? Based on the similarities of the mode frequencies
and on the symmetry deduced from our stress data for the
812 cm™! mode, we conclude that the 812 and 1791 cm™!
lines are due to a twofold degenerate wag mode and a stretch
mode associated with H,p in a trigonal defect. The weak line
at 1608 cm™! we assign to an overtone of the 812 cm™! mode
or a combination mode. We shall discuss further the assign-
ment of the latter line below. It is instructive to compare the
frequency of the wag mode at 812 cm™' with those of the
wag mode of the donor-H defects in Si, where the H is also
at an antibonding position attached to a Si atom along the
(111) axis containing the donor atom neighboring the Si
atom.% These defects also have trigonal symmetry (Cs,) and
all display very similar frequencies for the doubly degenerate
wag mode at ~810 cm™!.7 These frequencies are again very
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close to that of our 812 cm™! line, which provides further
support for our assignment. Moreover, the fact that the iso-
tropic element of the piezospectroscopic tensor A;
=2.06 cm™!'/GPa for the 812 cm™ mode is similar to A,
=1.35 cm™'/GPa, reported for the 817 cm™' mode of H,,'? is
also consistent with our assignment.

Based on the experimental findings, the defect giving rise
to the 812, 1608, and 1791 cm™' lines has trigonal symmetry
and contains at least one H,p bonded to a Si atom. The
obvious candidates are isolated H at an antibonding site, ei-
ther neutral (HXB) or negatively charged (H,p). (The posi-
tive charge state is stable only at the bond-centered site.) The
LVM frequencies of negatively charged H,p attached to a Si
atom (Si-H,p) have recently been identified in Ge-rich SiGe
alloys.”* For a Si content of about 1 at. % the wag and
stretch modes of Si-H,, are at 816 and 1430 cm™,
respectively.”* However, the stretch mode frequency de-
creases at a rate of —1.3 cm™! per at. % of Si up to a Si
content of ~6 at. %. If we extrapolate to obtain a frequency
for pure Si, a stretch frequency of ~1300 cm™! is obtained
for H,p, in clear contradiction with that of our stretch mode
at 1791 cm™'. In addition, the stretch mode frequency of Hyp
in pure Si which is obtained from ab initio theory is also low,
i.e., 840 cm™'.2% For H};, an even lower frequency associ-
ated with the vibration along the [111] axis is expected. Fi-
nally, H}; and H},;, are found to be thermally unstable above
250 K from deep level transient spectroscopy data.!! Thus
we rule out the possibility that our lines originate from iso-
lated H) or Hyp.

Alternatively, the lines could be due to a H,p attached to
one of the Si neighbors of a vacancy. We note that this struc-
ture would probably need to be positively charged (VH}) to
display trigonal symmetry. In the neutral or negatively
charged states a Jahn-Teller distortion is expected to lower
the symmetry to monoclinic I. However, we consider the
VH}; model unlikely, since it is not expected to be stable at
300 K against the formation of the vacancy-H defect, where
the H is bonded inside the vacancy, for which the local de-
formation of the lattice is smaller. One may think of other
trigonal structures which involve H,p and intrinsic defects.
However, these alternative structures should contain addi-
tional H atoms at different sites, for which we would expect
to observe additional LVMs in our spectra. Therefore, we
rule out such models. 3

All the experimental data are consistent with the H, de-
fect which contains two equivalent H,p atoms each one at-
tached to one of the Si atoms of a Si-Si bond, forming two
Si-H p units aligned in opposite directions along a (111) axis
(see Fig. 1). Within this model, the 812 cm™' line is due to
excitation of a doubly degenerate mode E,, where the two H
atoms vibrate in-phase perpendicular to the (111) axis (wag),
and the 1791 cm™! line is due to a A,, mode, where the two
H atoms vibrate together in the same direction along the
(111) axis (stretch). The H, has inversion symmetry (Ds,
point group). Therefore, the gerade wag and stretch modes
are IR inactive and thus not observed. These modes trans-
form like the irreducible representations £, and A;, of Ds,.
The overtones of the E, mode are optically inactive,?® and
therefore the weak line at 1608 cm™' cannot be an overtone
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of the E, mode. In the H;*, the two Hp atoms will be only
weakly coupled and, therefore, we expect the frequencies of
the E, and A, modes to be similar to those of the optically
active modes E, and A,,, respectively. Due to anharmonicity,
optical transitions are allowed to energy levels resulting from
the combination of the two wag modes, which transform like
the symmetrized product E, ® E,, or in terms of irreducible
representations A,,+A,,+E,. Hence, the line at 1608 cm™!
could originate from the excitation of an E,® E, combina-
tion level. The assignment of the lines to H;* may appear in
contradiction with the results of the coimplantation experi-
ments, where no additional lines associated with defects con-
taining both H and D were observed. For the H; a small
splitting is resolved for the H,p- and Hpc-related stretch
modes, but not for the wag mode of H,g.'? Since the dis-
tance between the two H atoms in H;* is substantially larger
than for H;, we expect the splitting between the mixed- and
single-isotope stretch modes to be smaller,”’ due to a weak
dynamical coupling between the two H,p atoms. Keeping in
mind the substantial width of the 1306 and 1791 cm™! lines,
it appears likely that this splitting is too small to be resolved.

The stability and LVM frequencies for H;* have recently
been calculated by ab initio theory.?” It was found that the
H," structure represents a local minimum in energy for di-
atomic H in Si. The frequencies of the wag modes E, and E,
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are predicted at 747 and 744 cm™', and the stretch modes A,,
and A}, are found to be 1824 and 1821 cm™!. These values
are in fair agreement with those observed and they confirm
the weak dynamical coupling between the two H atoms.

V. CONCLUSION

We have carried out in situ-type IR absorption measure-
ments on proton-implanted Si. The IR spectra reveal three
lines at 812, 1608, and 1791 cm™'. Uniaxial stress measure-
ments demonstrate that the defect giving rise to these lines
has trigonal symmetry. Based on the analysis of the experi-
mental data and on comparison with the properties of known
H defects in Si, we assign the lines to the vibrations of H,g
attached to Si along a (111) trigonal axis. We propose that the
lines originate from H;* (shown in Fig. 1), but the positive
charge state of a H,p attached to a Si atom neighboring a
vacancy cannot be ruled out completely.
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