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Rotational-vibrational transitions of interstitial HD in Si
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The ir spectrum of interstitial HD in Si provides unique insight into the rotational motion of interstitial H,
because the rotational-vibrational transitions for the heteronuclear HD molecule are subject to less restrictive
selection rules. ir lines for transitions between rotational-vibrational states of the interstitial HD molecule with
rotational quantum numbers J=0, 1, and 2 have been observed. The assignment of the rotational-vibrational
spectrum of interstitial HD, with additional transitions that occur for HD but not for H, or D,, is confirmed by

uniaxial stress results.
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I. INTRODUCTION

The interstitial H, molecule was suggested by theory to
be an important defect in semiconductors in the early
1980s."> After many years, vibrational lines were discovered
for interstitial H,, HD, and D, in GaAs and Si to provide an
unambiguous experimental identification of interstitial H, in
a semiconductor host.>” Nonetheless, the vibrational spec-
trum for H, and its isotopic partners proved difficult to in-
terpret and explain, especially for the Si host, and the micro-
scopic properties of interstitial H, remained uncertain.®°

The vibrational line for H, in GaAs discovered by Raman
spectroscopy was found to be split into two components
separated by 8.2 cm™'.37 These components were assigned to
ortho- and para-H,, leading to the conclusion that interstitial
H, in GaAs is a nearly free rotator. In contrast to the situa-
tion in GaAs, the H, molecule in Si gave only a single H,
vibrational line at 3618.4 cm™' and no evidence for an ortho-
para splitting in its vibrational spectrum.*® To explain the
absence of an ortho-para splitting, it was suggested that there
must be a barrier that prevents rotation of the molecule.'’
Uniaxial stress results for the 3618.4 cm™' line were also
interpreted in terms of a static defect, reinforcing the sugges-
tion that the H, molecule does not rotate.!! However, several
theoretical calculations for H, at a tetrahedral interstitial site
in Si found a very small barrier to rotation, making it sur-
prising that the H, molecule is static.'®!>~16 In addition to the
3618.4 cm™! line for H, in Si, vibrational lines due to HD
and D, were discovered at 3265.0 and 2642.6 cm™' (4.2 K),
respectively.*® The HD line gave additional puzzles; its fre-
quency is higher than would be predicted from the frequen-
cies of the H, and D, lines'! and its intensity is anomalously
weak.!”

The key to understanding the microscopic properties of
interstitial H, in Si was the discovery of an additional vibra-
tional line at 3191.1 cm™ for the HD molecule [Fig. 1(a)].'®
This line appears at a sample temperature above ~20 K and
lies 74 cm™! below the 3265.0 cm™! line previously assigned
to HD. This 74 cm™! energy difference is close to the J=0 to
1 rotational transition energy for a free HD molecule, pro-
viding experimental evidence that the HD defect is, in fact, a
nearly free rotator.

The 3191.1 cm™! line discovered for HD was assigned to
a vibrational transition that occurs with the molecule in its
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J=1 rotational state.'®!8 The ir lines seen for H, and D, were
assigned to corresponding transitions, also with these mol-
ecules in their J=1 rotational states (ortho for H, and para
for D,).!%13 In the tetrahedral field associated with the T,
interstitial site of the Si lattice, the J=1 state becomes T, so
that the AJ=0 ir transitions that are seen for H, and D, are
T,— T, transitions allowed by symmetry. The molecules in
their J=0 states (para for H, and ortho for D,) are not seen
by ir spectroscopy because the J=0 state becomes A;, and
A;— A, transitions are forbidden in tetrahedral symmetry.
This model was confirmed for interstitial H, and D, by ir
experiments performed in conjunction with uniaxial stress in
which the stress-induced splittings of the 3618.4 and
2642.6 cm™! lines were explained by 7, — T, transitions in
full tetrahedral symmetry.'” Subsequent Raman experiments
performed for H, in Si (which are not subject to the same
selection rules as ir absorption experiments) found vibra-
tional transitions for both the ortho and para species, provid-
ing a further confirmation that the interstitial H, defect is a
nearly free rotator.?"
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FIG. 1. Spectra measured as a function of temperature for (a)
the 3191.1 and 3265.0 cm™! lines assigned previously to interstitial
HD in Si and (b) a line at 3425 cm™! that is assigned to a rotational-
vibrational transition in which the rotational quantum number
changes from J=0 to 2.
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The 3265.0 cm™! line for HD that was initially the source
of confusion was reassigned to a rotational-vibrational tran-
sition in which the rotational quantum number changes from
J=0 to 1.'%18 Such a transition is not possible for the hetero-
nuclear molecules H, and D, because the odd and even ro-
tational states must occur on different (ortho and para) mol-
ecules. Further experiments for interstitial HD in Si, with its
richer rotational-vibrational spectrum, proved challenging
because of the weakness of the ir absorption lines associated
with HD.

In the present paper, ir transitions of interstitial HD in Si
between rotational-vibrational states with rotational quantum
numbers J=0, 1, and 2 are studied. Furthermore, uniaxial
stress has been used to test the assignment of the rotational-
vibrational spectra that occur only for interstitial HD in Si.

II. EXPERIMENTAL PROCEDURE

H and D were introduced into lightly doped Si by anneal-
ing samples in sealed quartz ampoules that contained 0.7 atm
of a mixture of H, and D, for 1 h at 1250 °C. The anneals
were terminated by a rapid quench in water to room tempera-
ture. It was found in previous experiments that the concen-
tration of interstitial H, molecules produced in this way is
near [H,]=5X10%cm™2! For ir absorption experiments
made in the absence of stress, sample dimensions were typi-
cally 6 X6 X 15 mm?. For uniaxial stress experiments, ori-
ented samples were prepared with dimensions of typically
3X4.5X 12 mm?. Stress was applied along the long axis of
the sample, and the optical viewing direction was along the
axis with a path length of 4.5 mm.

ir absorption spectra were measured with a Bomem
DA3.16 Fourier transform spectrometer equipped with a KBr
beam splitter and an InSb detector. A cooled (77 K) bandpass
filter (2950 to 6310 cm™') was glued to the field of view
shield inside the detector Dewar to increase the signal-to-
noise ratio of the ir measurements. For absorption measure-
ments made in the absence of stress, samples were cooled in
a variable-temperature, cold-finger cryostat. The sample tem-
perature was measured with a Chromel-Au 0.07 at. % Fe
thermocouple that was attached to the sample holder at a
position a few millimeters from the sample. Uniaxial stress
experiments were performed with a push rod apparatus that
was cooled in an Oxford CF 1204 cryostat using He contact
gas. In this case, the temperature was measured with a RhFe
resistance sensor mounted on the heat exchanger of the cry-
ostat. A wire grid polarizer was placed in the ir beam path
after the cryostat for uniaxial stress experiments made with
polarized light.

III. ROTATIONAL-VIBRATIONAL TRANSITIONS OF
INTERSTITIAL HD IN Si

Figure 1 shows spectra measured at different temperatures
for a Si sample into which H and D had been introduced. At
4 K, ir lines at 3265.0 and 3425 cm™! are seen. As the mea-
surement temperature is increased, both of these lines de-
crease in intensity, while a new line at 3191.1 cm™! appears
and increases in intensity. The lines seen at 3265.0 and
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FIG. 2. Energy level diagram for the rotational-vibrational tran-
sitions of interstitial HD in Si.

3191.1 cm™! have previously been assigned to interstitial HD
in Si,'®18 whereas the 3425.0 cm™! line has not. A search for
additional transitions between the rotational-vibrational lev-
els of HD found no additional ir absorption lines. The tran-
sitions giving rise to the 3265.0 and 3191.1 cm™! lines are
shown in the energy level diagram given in Fig. 2.

The 3425 cm™' line shown in Fig. 1(b) has a transition
energy 160 cm™! greater than that of the 3265.0 cm™! line.
This energy is near twice the rotational transition energy of
the HD molecule [A/(ur?)=80.7 cm™ for an internuclear
separation of 0.788 A (Ref. 22)], suggesting the assignment
of the 3425 cm™! line to a rotational-vibrational transition of
HD in which the rotational quantum number changes from
J=0 to 2 (Fig. 2). A rotational state with /=2 becomes T,
+E in the tetrahedral field associated with the 7, interstitial
site of the Si lattice.”® A transition from the A, ground state
to the T, component is allowed whereas the transition to the
E component remains forbidden in tetrahedral symmetry.

The assignment proposed for the 3425 cm™ line involves
a transition that originates from the rotational-vibrational J
=0 ground state of the HD molecule, similar to the transition
giving rise to the 3265 cm™! line. Therefore, if the assign-
ments are correct, these ir lines should show a similar depen-
dence on the measurement temperature, becoming weaker
when the ground state is thermally depopulated, consistent
with the ir data shown in Fig. 1.

A series of isochronal anneals has also been performed for
a Si sample containing interstitial HD up to temperatures
sufficient to remove the HD defect.* The 3191.1, 3265.0, and
3425.0 cm™! lines (measured at 75, 4, and 4 K, respectively)
were eliminated together by an anneal near 300 °C (30
min).?* The correlated disappearance of these lines upon an-
nealing supports their assignment to transitions of the same
HD defect.

Based on its frequency position, temperature dependence,
and annealing behavior, we assign the 3425 cm™! line to a
rotational-vibrational transition of HD in Si in which the
rotational quantum number changes from J=0 to 2. The
rotational-vibrational transitions observed in the ir spectrum
for interstitial HD in Si reveal the rotational manifold that is
expected for the vibrational levels of an interstitial molecule
that is rotating nearly freely in the crystal lattice. A similar
rotational-vibrational structure has not been observed in ir
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and Raman spectra measured for interstitial H, or D, in Si
which show only purely vibrational transitions.?

IV. TEST OF ASSIGNMENTS OF THE IR LINES FROM
UNIAXITAL STRESS DATA

The ir lines for the different transitions shown in Fig. 2
are predicted to have a different dependence on applied
uniaxial stress, thereby providing a definitive test of their
proposed assignments. Uniaxial stress experiments have not
been attempted previously for interstitial HD in Si, in spite of
their appeal as a test of the assignments of the rotational-
vibrational transitions that are unique to HD, because of the
weakness of the ir lines. The intensity of the ir line at
3618.4 cm™! due to H, in Si is roughly 200 times weaker
than is typical of other local vibrational modes in
semiconductors.!”-?® The intensity of the 3265.0 cm™' line
assigned to HD is expected to be an additional 20 times
weaker than the H, line.”’ The experiments reported in the
present paper were made possible by attention to details that
affect the signal-to-noise ratio of the ir measurements. Sev-
eral samples with a greater optical path length than those
typically used for stress experiments were fabricated, and
those with the strongest HD lines were selected for further ir
measurements. The bandpass filter added to the InSb detector
was found to improve the signal-to-noise ratio of ir measure-
ments by a factor of ~4. ir measurements were made for
only a few values of the stress applied along [001] and [110]
directions with signal-averaging times of up to 8 h for each
measurement.

The sharp lines due to HD at 3265.0 and 3191.1 cm™! are
the primary focus of these experiments. The line at
3618.4 cm™! due to interstitial H, was present in the same
samples and was also examined for comparison with the
stress results for HD. The line at 3191.1 cm™! has been pro-
posed to be due to a T, — T, transition that corresponds to
the purely vibrational transitions seen for interstitial H, and
D, in Si with the molecules in their /=1 rotational state.'®!3
The line at 3265 cm™!, however, has been proposed to be due
to a rotational-vibrational transition that is possible only for
HD in which the rotational quantum number changes from
J=0 to 1. In the tetrahedral field, this would be an A|— T,
transition with a different stress-splitting pattern than has
been seen previously for H, or D,. (The additional line at
3425 cm™! is broader than the 3265.0 and 3191.1 cm™ lines
and showed only small shifts in its position under stress that
were not well resolved in our measurements. The behavior of
this line under stress was not studied further.)

Figures 3 and 4 show spectra for uniaxial stresses applied
along the [001] and [110] directions, respectively, for the
3191.1 and 3265.0 cm™! lines assigned to HD and also for
the 3618.4 cm™' due to H, that is present in the same sample.
A comparison of the spectra shown in panels (a) and (c) of
Figs. 3 and 4 shows that the 3191.1 cm™! line seen for HD at
elevated temperature (60 K) behaves similarly to the
3618.4 cm™! line seen for H, at low temperature (8 K). Panel
(b) in Figs. 3 and 4 shows that the 3265.0 cm™ line seen for
HD at 8 K has a different behavior under stress. The shifts
and splittings of the 3191.1 and 3265.0 cm™~! lines measured
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FIG. 3. Effect of stress (60 MPa) applied along the [001] direc-
tion for the (a) 3191.1 and (b) 3265.0 cm™! lines assigned to inter-
stitial HD in Si and for the (c) 3618.4 cm™ line due to H, that was
present in the same sample. The labels give the direction of the
polarization of the probing light. For the 3265.0 and 3618.4 cm™!
lines, spectra were measured at 8 K with a resolution of 0.15 cm™!
and for the 3191.1 cm™! line, at 60 K with a resolution of 0.3 cm™!.
The dashed vertical lines in each panel show the position of the ir
line in the absence of stress.

for the [001] and [110] orientations of the applied stress are
shown in Fig. 5.

Kaplyanskii?® has determined the splittings of the repre-
sentations of the 7, point group for stresses applied along the
high-symmetry crystal directions and also the polarizations
and relative intensities of the transitions between the split
states. Energy level diagrams for the stress-induced splittings
of the A; and T, levels are shown in Fig. 6. The stress data
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FIG. 4. Effect of stress (60 MPa) applied along the [110] direc-
tion for the (a) 3191.1 and (b) 3265.0 cm™! lines assigned to inter-
stitial HD in Si and for the (c) 3618.4 cm™! line due to H, that was
present in the same sample. The labels give the direction of the
polarization of the probing light. For the 3265.0 and 3618.4 cm™!
lines, spectra were measured at 8 K with a resolution of 0.15 cm™
and for the 3191.1 cm™! line, at 60 K with a resolution of 0.3 cm™!.
The dashed vertical lines in each panel show the position of the ir
line in the absence of stress.
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FIG. 5. Stress-induced frequency shifts vs the magnitude of the
stress applied along the [001] and [110] directions for the
3191.1 cm™" line (lower panels, measured at 60 K) and the
3265.0 cm™ line (upper panels, measured at 8 K) due to interstitial
HD in Si.

for the 3191.1 cm™' line seen for HD at 60 K are consistent
with a T, — T, transition, similar to the stress results reported
previously for H, and D, in Si.!° The number of compo-
nents, their polarizations, and relative intensities under stress
for the 3265.0 cm™! line seen for HD at 8 K are consistent
with an A; — T, transition in tetrahedral symmetry.
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FIG. 6. The splittings and shift rates for the A; and T, levels of
a defect with tetrahedral symmetry for the [001] and [110] orienta-
tions of the applied stress. The Ay — T, and T, — T, transitions be-
tween these states and their polarization selection rules and relative
intensities are shown (from Kaplyanskii, Ref. 28). The transitions
have an additional small isotropic shift that is described by a pa-
rameter A that is not shown.
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TABLE 1. Parameters (in units of cm™!/GPa) resulting from a fit
to the splittings of the 3191.1 and 3265.0 cm™' lines assigned to
interstitial HD in Si and the 3618.4 cm™! line assigned to H, that
was also present in the same samples. The parameters A, give the
hydrostatic shifts of each of the lines. (The sign of a compressive
stress has been taken to be positive.)

Aze1g B C

A319l A3265

-1.3 =24 -2.1 -4.9 -5.0

The stress data studied previously for H, and D, in Si
showed that the stress-induced splittings of the 7, levels are
independent of the hydrogen isotope and vibrational quan-
tum number. As has been noted previously,'®!1%% the isotope
independence of the parameters describing the splittings of
the lines is a signature of the splitting of degenerate rota-
tional levels by stress. The rotational wave functions do not
depend on isotopic mass, so, to first order in perturbation
theory, the stress-induced splittings of the rotational levels
also will not depend on the isotopic mass. Therefore, in spite
of the large number of stress-split components seen for the
different transitions of interstitial HD and H,, a simple model
with only a few parameters can be used to fit the stress data.
It was assumed that the splittings of the T, rotational levels
involved in both the A — T, and T,— T, transitions for in-
terstitial HD and H, can be described by the same parameters
B and C. There is also a small hydrostatic shift of the center
of gravity of the split components that was fitted by an ad-
ditional parameter A, for each of the 3191.1, 3265.0, and
3618.4 cm™! lines.*® The result of the fit to the stress data
given by the parameters in Table I is shown by the straight
lines in Fig. 5. The values for the parameters B and C found
here are in good agreement with the values determined pre-
viously from stress data for interstitial H, and D,,'° as was
expected. Uniaxial stress results for the 3191.1 and
3265.0 cm™! lines of interstitial HD in Si are explained well
by T,— T, and A;— T, transitions, respectively, in tetrahe-
dral symmetry.

The stress data analyzed previously for the 7, — T, tran-
sitions seen for interstitial H, and D, in Si did not permit the
T, ground and excited states to be studied separately. There-
fore, the signs of B and C could not be determined.'® How-
ever, the stress data for the A; — T, transition of interstitial
HD, with its nondegenerate A ground state, reveal the signs
of shifts of the stress-split components of the 7, state and
show that both B and C are negative. It has been found
previously by theory that reducing the size of the cage of
host atoms surrounding the interstitial H, molecule increases
the electron density at the 7; site which weakens and elon-
gates the H, bond.'>!3 This suggests a simple model, in
which the H, molecule under a compressive stress along an
axial direction is considered to be a symmetric top with a
moment of inertia that is smallest for the rotation axis along
the stress direction.’! The J=1 rotational state of the unper-
turbed molecule is then split into a nondegenerate state and a
doubly degenerate state with lower and higher energies, re-
spectively. This qualitative argument is consistent with the
signs of the parameters B and C, which describe the split-
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tings of the rotational states for the components of the stress
applied along the [001] and [111] directions, that have been
determined experimentally. For example, for stress applied
along a [001] direction, the stress data for HD show that the
nondegenerate B, state lies below the E state, consistent with
a negative value for B and the ordering of the stress-split
levels shown in Fig. 6.

V. CONCLUSION

Interstitial H, and D, in Si each show single sharp vibra-
tional lines in their ir absorption spectra and no additional
lines that might be due to transitions between the levels of a
manifold of rotational states. Interstitial HD, however, with
its less restrictive selection rules, gives rise to a more inter-
esting rotational-vibrational spectrum. The ir transitions ob-
served for interstitial HD reveal the levels of the rotational
manifold of a nearly free rotator with rotational quantum
numbers J=0, 1, and 2.

The 3191.1 and 3265.0 cm™" ir lines due to interstitial HD
show different behaviors under applied uniaxial stress, al-
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lowing the assignments of the transitions to be unambigu-
ously confirmed. The 3191.1 cm™! line behaves similarly to
corresponding purely vibrational transitions studied previ-
ously for interstitial H, and D, in Si. Stress data for the
3265.0 cm™! line confirm its assignment to a rotational-
vibrational transition that can occur only for the hetero-
nuclear HD molecule in which the rotational quantum num-
ber changes from J=0 to 1 and reveal the signs of the
parameters describing the stress-induced shifts that previ-
ously could not be determined. Uniaxial stress results pro-
vide a strong confirmation of the assignment of the
rotational-vibrational spectra that underpin our understand-
ing of the rotational motion of interstitial H, in Si, but that
are seen only for interstitial HD.
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